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ABSTRACT

Quasi-one-dimensional (1D) materials, including nanofibers, nanotubes, nanowires,
and nanobelts, have been exploited widely in nanogenerators, sensors, transducers,
microelectromechanical systems (MEMS) devices, and other applications, such as
microwave varactors and ferroelectric field effect transistors. Currently available
nanostructured piezoelectric materials show a low piezoelectric coefficient d33 of
merely 100 pm V-1, with Pb(Zr, Ti)O3 (PZT)-based materials at the high end. The
health impact of lead poisoning is well known, however, and intensive efforts have
begun to discover new lead-free piezoelectric compounds which possess comparable
piezoelectric performances to those of the lead-based piezoelectric materials.
Recently, a lead-free (1-x)Ba(Ti0.80Zr0.20)O3-x(Ba0.70Ca0.30)TiO3 ((1-x)BTZ-xBCT)
piezoelectric system with optimal composition of x = 0.5 was reported to show
superior room temperature piezoelectricity, with the piezoelectric coefficient d33 =
620 pC N-1, the piezoelectric voltage constant g33 = 15.38 × 10-3 Vm N-1, and the
electromechanical (converse piezoelectric) response as high as 1140 pm V-1. These
superior piezoelectric properties are comparable to or higher than those of state-ofthe-art PZT or other lead-free piezoelectric compounds, due to the low polarization
anisotropy and low energy barrier for lattice distortions in the morphotropic phase
boundary (MPB) region.
The main work presented in this dissertation is focused on the synthesis and
characterization of Ba (Ti0.80Zr0.20) O3-(Ba0.70Ca0.30) TiO3 (BTZ-BCT) in different
forms including ceramics, thin films, and nanofibers.
Different structural analysis techniques, including X-ray diffraction (XRD), Raman
spectroscopy, and transmission electron microscopy (TEM), have been employed to
ii

investigate the evolution of the crystal structure and phase content in the samples.
The coexistence of two ferroelectric phases, tetragonal and rhombohedral, and
crystallization of the ceramics, the fibers, and the thin films in the vicinity of the
MPB region have been demonstrated. The lattice constants have been defined using
the Rietveld method. The impact of lattice parameter variations on the ferroelectric
properties of the (1-x)BTZ-xBCT ceramics has been investigated.
Different scanning probe microscopy techniques, including piezoresponse force
microscopy (PFM), scanning capacitance microscopy (SCM), and scanning
spreading resistance microscopy (SSRM), have been employed to study the
piezoelectric, ferroelectric domain switching, and the electrical properties of the
nanofibers and thin films. Very large piezoelectricity in low-dimensional BTZ-BCT
sintered as thin films (d33 = 141 pm V-1) and nanofibers (d33 = 180 pm V-1) has been
achieved. These values are comparable to those of PZT films and nanofibers.
Observations of ferroelectric nanodomains with high spatial resolution using SCM
and PFM techniques are also presented. The influences of lateral size, geometry, and
the clamping effect on the piezoelectric performance are investigated for both the
thin films and the nanofibers. The current distribution and resistivity have been
studied by SSRM. The results show a uniform distribution of resistance and very
high resistance of 1010 ohms in the BTZ-BCT nanofibers. Combining a high
piezoelectric coefficient with environmental benefits, the BTZ-BCT nanostructures
provide the superior functions that are in demand for highly efficient piezoelectric
devices and electromechanical systems.
In the last chapter of the thesis, the synthesis and characterization of biocompatible
and piezoelectric (Na,K)NbO3 (NKN) nanofibers are presented. The X-ray
diffraction pattern of the nanofibers reveals a pure single phase with polar structure
iii

after annealing at 700°C. TEM images and electron diffraction patterns show the
growth of NKN single crystals in the form of nanofibers. The ferroelectric domain
switching and piezoelectric response of the nanofibers have been investigated using
PFM. A higher piezoelectric response is achieved in NKN nanofibers (d33 = 58 pm
V-1) than in its thin films (d33 = 40 pm V-1). Owing to the existence of permanently
charged regions in the NKN nanofibers known as ferroelectric domains, electrical
signals can be generated in them via the piezoelectric effect to provide a new
opportunity for construction of a smart biocompatible scaffold that can be used for
repair, engineering, and regeneration of damaged tissues.
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Chapter 1. Literature Review
1.1 Piezoelectricity
Piezoelectricity was discovered by the Curie brothers, Jacques and Pierre Curie, in
1880[1]. They observed electrical charges generated on the surfaces of some crystals,
including quartz (SiO2), the boron silicate crystal mineral group (tourmaline), topaz
(Al2SiO4(F,OH)2), cane sugar (C12H22O11), and Rochelle salt (KNaC4H4O6·4H2O),
when an appropriate load (stress) was applied to them. The phenomenon, which
involves the generation of electricity by mechanical deformation (strain) in some
materials, was called piezoelectricity, and the behaviour was considered as a direct
piezoelectric response. In 1881, Lippmann mathematically predicted an inverse
piezoelectric phenomenon, in which an electric field leads to a mechanical
deformation. He established the fundamental thermodynamic principles to represent
the converse piezoelectricity. The Curie brothers immediately confirmed the
converse piezoelectric phenomenon experimentally in 1881.
Just after the discovery of piezoelectricity, much more work was done to define the
crystallographic principles of this effect. In 1910, the piezoelectric effect was defined
with respect to crystallographic point groups in the first textbook published on
physical crystallography by Voigt[1]. Among the 32 crystallographic point groups,
only 21 are non-centrosymmetric structures, and apart from the 432 point group, the
other 20 groups are categorized as piezoelectric materials (Figure 1.1).

1

Figure 1.1 Symmetry hierarchy for piezoelectricity according to the crystallographic
point groups.

In the direct piezoelectric effect, the generated charge Q is proportional to the
applied force. The charge density D (dielectric displacement) is calculated using
Equation (1.1):
𝐷 = 𝑑𝑇

(1.1)

Where d is the piezoelectric coefficient in coulombs/Newton (C/N) and T in
Newtons/unit area is the applied stress. Changing from a compressive to a tensile
stress or vice versa reverses the sign of the direct piezoelectric coefficient. Figure
(1.2) shows the direct piezoelectric effect schematically in a piezoelectric material.

2

Figure 1.2 Schematic representation of the direct piezoelectric effect.

In the inverse piezoelectric effect, the induced strain S is proportional to the applied
electric field E
𝑆 = 𝑑𝐸

(1.2)

Where the inverse piezoelectric coefficient is expressed by d with units of meter/volt.
When the strain changes from a contraction to an expansion or vice versa, the sign
changes for the converse piezoelectric coefficient. The inverse piezoelectric
phenomenon is illustrated in Figure 1.3.

Figure 1.3 Schematic representation of the inverse piezoelectric effect.

Since the piezoelectric response is an anisotropic phenomenon, the piezoelectric
constant and other related parameters are represented by ij indices such as dij, in
which i denotes the direction of the polarization or electrical input/output and j
3

represents the direction of the strain or mechanical deformation developed or
applied. The subscripts are defined in a Cartesian coordinates system including X, Y,
and Z (Figure 1.4). The numbers 1-3 are assigned to the longitudinal parameters and
4-6 represent the shear mode.

Figure 1.4 Directions in a piezoelectric unit cell according to the Cartesian
coordinates system.

For example, the d31 mode identifies a mechanical deformation (strain) along the 1
(X) axis when an electric field is applied along the 3 (Z) axis, and d33 describes the
generated charge (electric field) along the 3 (Z) direction while a mechanical stress is
applied along the same direction as the electric field in the direct piezoelectric
phenomenon and vice versa in the inverse piezoelectric response.

1.1.1 Pyroelectricity
A subgroup of the piezoelectric materials consisting of 10 point groups possesses a
unique polar axis in a certain crystal direction due to an existing electric dipole. The
dipole moment can be changed by exposing these materials to uniform heat that leads
to a surface electric charge. Changing the magnitude of the dipole with temperature
4

is demonstrated in this subgroup of the piezoelectric materials as the pyroelectricity.
An electric dipole is constructed by separation of positive and negative charges in a
unit cell. Pyroelectric materials possess a spontaneous polarization, PS, which cannot
be reoriented by an external electric field. When these materials are heated,
increasing the temperature leads to a change in the spontaneous polarization and can
be detected according to Equation (1.3)
𝑑𝑃𝑠 = −𝑝 𝑑𝑇

(1.3)

Where 𝑑𝑃𝑠 is the polarization change created by the 𝑑𝑇 temperature variation. The

pyroelectric effect is defined by 𝑝 . The polarization is suppressed in the pyroelectric

materials when the temperature increases, and it is represented by the negative sign
in Equation 1.3.
Table 1.1 Centrosymmetric and non-centrosymmetric point groups in crystals [2].
Crystal

CentroPoint group

structure
Triclinic
Monoclinic
Orthorhombic
Tetragonal

Rhombohedral

symmetric
1� , 1

―

1

2, m, 2/m

1�

2/m

―

2,m

222, mm2, mmm

mmm

222

mm2

4, 4/m, 422, 4mm, 4� ,

4,

4/m, 4/mmm

422, 4� , 4� 2m

4mm

3, 3� , 32, 3m, 3� m

3� m, 3�

or 4� m2
32

3,3m

622, 6� , 6� m2

6,

4/mmm, 4� 2m or 4� m2
6, 6/m, 622, 6mm, 6/mmm,

Hexagonal

Cubic

Noncentrosymmetric
(Piezoelectric)
Non-polar
Polar

6/m, 6/mmm

6� , 6� m2 or 6� 2m

23, m3, 432, m3m, 4� 3m
5

m3, m3m

or 6� 2m

23, 432, 4� 3m

6mm
―

In piezoelectric crystals apart from the pyroelectrics, dipoles are arranged in
compensating directions in such a way that the net crystal dipole moment is zero.
These crystals are polarized when the load (stress) is applied, and a net crystal dipole
is developed in a favoured direction. Crystallographic point groups in polar and nonpolar piezoelectric materials are represented in Table 1.1. Quartz is a well know nonpolar piezoelectric material. Figure 1.5 demonstrates the piezoelectric response
mechanism in quartz crystal.

(b)

(a)

Figure 1.5 (a) Hexagonal structure of β-quartz and its coordination vectors. (b)
Schematic illustration of the piezoelectric phenomenon in quartz as a non-polar
piezoelectric material.
The favoured direction for the polarization in quartz is along the a-axis in its unit
cell. Regarding the hexagonal structure in the β-quartz, there are three polarization
directions separated by 120° from each other (Figure 1.5(a)). It should be noted that
in a non-polar crystal, when a uniform hydrostatic pressure is applied to the crystal,
the net polarization is zero and only by applying the pressure in an individual
polarization direction, is a non-zero net polarization developed (Figure 1.5(b)).
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1.1.2 Ferroelectricity
Ferroelectric materials are a subclass of the pyroelectrics and consequently, the
piezoelectric materials. The spontaneous polarization in ferroelectrics is reversible
and switchable under an alternated electric field, whereas in the non-ferroelectric
pyroelectric materials, it remains unchanged when an external electric field is
applied. In the other words, there must be more than one equilibrium state for the
spontaneous polarization in ferroelectrics, so that the polarization vector can be
switched between those states. In the non-ferroelectric pyroelectric materials,
however, there is only one possible state. It should be noted, as is demonstrated in
Figure 1.1, that all ferroelectric materials are pyroelectric and consequently
piezoelectric, but all pyroelectric and piezoelectric materials are not ferroelectric.

1.1.3 Other important piezoelectric parameters
Piezoelectric voltage constant
The piezoelectric voltage constant, g, is defined as the electric field developed by a
stress in a piezoelectric material in units of mV N-1 that can be calculated using
Equations (1.4) and (1.5)
𝑑33

𝑔33 = 𝜀

(1.4)

𝑇
0 𝐾3

Where K is the relative dielectric constant and
𝑑31

𝑔31 = 𝜀

(1.5)

𝑇
0 𝐾3

Mechanical quality factor Qm
The mechanical quality factor, Qm, is the ratio of the stored energy to the wasted
energy in a cycle when a piezoelectric material is subjected to a periodic vibration,
and Qm-1 represents the mechanical loss[3]. It is also demonstrated that mechanical
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strain in a piezoelectric resonant is amplified by a factor proportional to Qm at its
resonance frequency compared to the strains in off-resonance frequencies. In a
highly efficient actuator, a high Qm and low loss are essential.
The mechanical quality factor can be calculated in piezoelectric materials by using
Equation (1.6)
𝑄𝑚 =

1

2𝜋𝑓𝑟 𝑍𝑚 𝐶0

𝑓2

�𝑓2 −𝑎 𝑓2�
𝑎

(1.6)

𝑟

Where fr and fa are the resonance and anti-resonance frequencies. Zm is the minimum
impedance at resonance frequency and C0 represents the low frequency capacitance.
Coupling factor K
The electromechanical coupling factor, K, demonstrates the efficiency of a
piezoelectric material in the conversion of the mechanical energy into electricity and
vice versa. Three important coupling factors in piezoelectric materials are the planar
coupling coefficient Kp, the length extensional coupling coefficient K31, and the
thickness extensional coupling coefficient K33. These coefficients are calculated by
Equations (1.7)-(1.10) using the resonance and anti-resonance frequencies.

2
𝐾33

=

And if
𝜓=

Then

𝜋
2

𝜋
2
𝑓 −𝑓
1+ 𝑎 𝑟
𝑓𝑟

�1 +

tan �

𝑓𝑎 −𝑓𝑟
𝑓𝑟

𝜋(𝑓𝑎 −𝑓𝑟 )
2𝑓𝑟
(𝑓𝑎 −𝑓𝑟 )
1+
𝑓𝑟

� tan �

�

𝜋(𝑓𝑎 −𝑓𝑟 )
2𝑓𝑟

(1.7)

�

(1.8)

𝜓

(1.9)

𝑓𝑎2 − 𝑓𝑟2

(1.10)

2
𝐾31
= 𝜓+1

And

𝐾𝑝 =

𝑓𝑟2
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1.2 Lead-based piezoelectric materials
1.2.1

Lead titanate (PbTiO3)

Lead titanate is one of the essential basic compounds used in commercially
employed piezoelectric materials, however, its pure form is not of interest to
industry. PbTiO3 is crystallized in the tetragonal structure with c/a ratio of 1.06 in the
P4mm space group at room temperature[4].
There have been few practical results on the piezoelectric and ferroelectric properties
of the PbTiO3 single crystals due to their high electrical conductivity, which could
originate from a high concentration of Pb vacancies, especially in high temperature
processes. They possess a piezoelectric constant d33 = 84-117 pC N-1 and dielectric
constant k33 = 80-126 [2, 5, 6].
In PbTiO3 ceramics, low resistivity together with the mechanical fracturing caused
by thermal expansion anisotropy and large spontaneous strain during the cubic to
tetragonal phase transition results in low dielectric and piezoelectric properties. In
modified PbTiO3 structures, however, introducing a variety of additives, mainly rare
earths ((Pb1-3/2xRex) TiO3) and alkaline elements ((Pb1-xCax)TiO3), has improved the
electrical resistivity and reduced the spontaneous strain by decreasing the Curie
temperature and tetragonality of pure PbTiO3 and made the doped compounds
appropriate dielectrics with useful electromechanical properties[7-10]. In the modified
lead titanate ceramics, the piezoelectric coefficient has been improved up to more
than 90 pC N-1 .
1.2.2

Lead zirconate titanate ( Pb(Zr,Ti)O3)

Lead zirconate titanate (PZT) is a solid solution of lead zirconate (PbZrO3) and lead
titanate (PbTiO3). PbZrO3 is an antiferroelectric. According the definition presented
9

by Kittel, in the antiferroelectric materials, spontaneous electric polarizations are
arranged in the antiparallel direction, so that the net polarization is zero and they are
not piezoelectric [11]. Interestingly, a pseudo binary system PbZrO3-x PbTiO3 (Pb(Zr1xTix)O3)

or PZT exhibits very useful piezoelectric and ferroelectric properties. The

phase diagram of Pb(Zr1-xTix)O3 is shown in Figure 1.6. The rhombohedral region
contains two symmetries, including a low temperature rhombohedral form with R3c
symmetry and a high temperature one with R3m symmetry. As is mentioned in
Figure 1.6, the Ti-rich tetragonal region undergoes a direct phase transition from
tetragonal to cubic, however, the Zr-rich rhombohedral phase experiences a phase
change from the low temperature rhombohedral to the high temperature
rhombohedral structure before crystallizing in a cubic structure.

Figure 1.6 Phase diagram of lead zirconate titanate[12].

PZT with molar ratio x = 0.47-0.50 is crystallized in a unique region in its phase
diagram called the morphotropic phase boundary (MPB), so that two polar structures,
including the rhombohedral (R3m) and tetragonal (P4mm), can coexist.
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Enormous attempts have been undertaken to understand the role of the MPB in the
superior piezoelectric performance of PZT, where d33=290 pC N-1, Qm=1000, Kt =
0.47, ε33=1300, and tan 𝛿 = 0.005 [12-16].

The most plausible explanation refers to the large amount of active polarization
orientation that exists in the MPB region and the flattening of the free energy profile
for switching spontaneous polarization vectors. Figure 1.7 shows 14 possible domain
orientations: 6 directions in tetragonal <001> (Figure 1.7(a)) and 8 directions in
rhombohedral <111> (Figure 1.7(b)) structures. This means there are 14 (6+8 = 14)
variants for switching of spontaneous polarization vectors in the vicinity of the MPB.
Variability of polarization switching and flattening of the free energy profile provide
efficient polarization reorientation during the poling procedure and remarkably
enhance the piezoelectric properties in the MPB region [17-20].

Figure 1.7 Schematic illustration of possible domain orientations in (a) tetragonal
structure: 6 directions and (b) rhombohedral structure: 8 directions.

PZT-based materials exhibit outstanding piezoelectric and ferroelectric properties
and have been used widely in different aspects of science and technology.
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1.2.3

Other lead-based materials

The outstanding piezoelectric and ferroelectric properties of PZT have attracted
many attempts to investigate the other possible lead-based piezoelectric materials.
Many compositions and complex systems have been studied, and some of them have
become objects of interest because of their interesting performances. Compositions
such as Pb2Nb2O6 [21], Pb(Zn1/3Nb2/3)O3–PbTiO3(PZN–PT) [22, 23], Pb(Mg1/3,Nb1/3)O3–
PbTiO3 (PMN–PT)

[24]

, Pb (Ni1/3Nb1/3)O3–Pb(Zr,Ti)O3 (PNN–PZT)

[25]

, and

Pb(Sc1/2Nb1/2)O3-PbTiO3 [26] have been investigated, and the results were published.

1.2.4 Environmental issues
Lead (Pb) is one of the most toxic materials known, and continuous exposure to an
environment contaminated by this element has potential hazards. Being in contact
with Pb can cause serious damages to vital human organs such as the kidney, heart,
and brain. Since most commercial piezoelectric materials are based on PZT
containing about 60 wt% lead, intensive efforts have been undertaken to eliminate
the Pb and find good replacement candidates[27].

1.3

Lead-free piezoelectric materials

There has been a growing interest in developing alternative lead-free piezoelectric
materials that can eventually replace the current lead-based ones. Intensive research
efforts have been spent on related studies all around the world for over two decades.
In the following sections, current lead-free piezoelectric materials will be reviewed.
1.3.1

Bismuth based layered perovskite structures

Bismuth layered perovskite structure ferroelectrics (BLSF) with the chemical
formula Bi2Ax-1BxO3x+3 is another group of lead-free piezoelectric materials. This
12

structure comprises perovskite layers periodically separated by (Bi2O2)2+ layers
(Figure 1.8). As demonstrated in Figure 1.8 the layered structure in the BLSF leads
to a plate-like morphology in its microstructure [28, 29].

Figure 1.8 Bismuth layered structure in BLSF [27].

The high Curie temperatures (600°C─ 900°C) in BLSF compositions, much higher
than those of the lead-based materials (200°C ─ 400°C), mak e the BLSF materials
good candidates as pyroelectric sensors and high temperature piezoelectric materials.
Due to the anisotropic nature of their structures, however, their electrical
conductivity is highly anisotropic and is also high because of the Bi volatility at high
temperatures during the sintering. Moreover, the switching of the spontaneous
polarization within the materials during poling is limited to within a two-dimensional
plane. Thus, poling the BLSF ceramics is not efficient enough and leads to a low
piezoelectric constant with a d33 of ~ 20 pC N-1 and a large coercive field

[28]

.

Bi4Ti3O13 (A = Bi, B = Ti, and x = 3) is one of the most studied compositions in this
group. Further studies on this system have indicated that doping with Nb5+ and V5+
ions could increase the resistivity in this structure, thus improving the piezoelectric,
dielectric, and ferroelectric properties (Figure 1.9) [28, 30].
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Figure 1.9 (a) Effect of Nb5+ doping on the resistivity and (b) effect of V5+ on the
dielectric permittivity of tBi4Ti3O13

[28, 30]

.

Many attempts have been undertaken to enhance the electrical and piezoelectric
properties of BLSF materials to date, and several complex compositions have been
investigated, such as (Bi1/2Na1/2) TiO3, (Na1/2 Bi1/2)1-xCaxBi4Ti4O15, and SrBi2Ta2O9
[31-36]

. Table 1.2 shows a comparison of the piezoelectric and electrical properties in

different BLSF compositions.

Table 1.2 Comparison of piezoelectric properties in different BLSF compositions.
Composition

d33 (pC N-1)

(Bi0.5Na0.5)TiO3

57-64

K

Tc (°C)

240-

310-

467

450

Ref.
[32-34]

(Bi0.5Na0.5)TiO3-0.02NaNbO3

88

624

-

[32]

(Na0.5Bi0.5)0.94Ba0.06TiO3

125

625

288

[35]

162

831

-

[36]

(Na0.5Bi0.5)0.94–6BaTiO3 + 0.5 mol%
CeO2 + 0.5 mol% La2O3

1.3.2

Potassium sodium niobates

Alkali niobates with general chemical formula ANbO3 (A: alkali metal) are another
family of successful lead-free piezoelectric and ferroelectric materials. In 1950s and
1960s, several new compositions in this family were proposed and explored[37,
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38]

.

Shirane et al reported the dielectric properties and phase transitions of the NaNbO3
and (Na,K)NbO3 (NKN) systems in the forms of single crystals and ceramics

[37]

.

Although the NaNbO3 did not show any evidence of a ferroelectric response, it was
demonstrated that introducing the KNbO3 into the NaNbO3 structure created
ferroelectricity in the NaNbO3- x KNbO3 system (x < 0.97). Further investigations on
the new alkaline niobate systems demonstrated that for x = 0.50 (Figure 1.10)[39],
NKN exhibited the highest piezoelectric and ferroelectric properties compared to the
other compositions.

Figure 1.10 Equilibrium phase diagram of the KNbO3-NaNbO3 system[12], [39].

The volatility of the alkaline elements reduces the final density of the NKN ceramics
sintered in air and leads to a suppression of the dielectric constant, piezoelectric
coefficient, and ferroelectric response. In order to improve the sintered density and
consequently, the piezoelectric properties in the NKN ceramics, different techniques
and processing methods have been undertaken, such as employing hot-pressing,
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sintering aids, and isostatic pressing. It has been reported that hot-pressed
Na0.5K0.5NbO3 possessed high remnant polarization (Pr = 33 μC/cm2), a large
piezoelectric coefficient (d33 = 160 pC N-1) and high planar coupling factor (Kp =
0.45) [38].
Enormous efforts have been undertaken to improve the physical and electrical
properties of the NKN-based ceramics by modifying the fabrication procedure,
employing different dopants (i.e. Li1+, Ta+5, and Sb3+)[40], and combining the NKN
with other good piezoelectric materials such as BaTiO3 [41] .
It is evident that creating engineered textured structures in ceramics has led to
fascinating piezoelectric and electrical properties; however, this process requires
high cost and special facilities. Saito et al. have successfully textured a complex
Na0.5K0.5NbO3-based ceramic, (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3, and achieved
the best piezoelectric coefficients in the NKN system: d33 = 416 pC N-1 and d31 = 152 pC N-1 [42].

1.3.3

Barium titanates

Barium titanate (BaTiO3) is one of the most widely explored lead-free ferroelectric
materials, as it possesses good piezoelectric, nonlinear optical properties and voltagetuneable low loss dielectric properties. It experiences several phase transitions from
low temperature to high temperature, including orthorhombic-rhombohedral at ~199
K, rhombohedral-tetragonal at ~ 285 K, tetragonal-cubic at ~ 393 K, and a drastic
crystal structure transition at ~ 1733 K from perovskite to hexagonal structure before
melting at 1891 K (Figure 1.11) [43].
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(b)

Figure 1.11 (a) Barium titanate crystalline structures at different temperatures. (b)
Dielectric constant of BaTiO3 as a function of temperature [43].

Because of its fascinating dielectric, ferroelectric, and piezoelectric properties, the
perovskite BaTiO3 has been employed in various applications, such as piezoelectric
sensors, capacitors, memories, and optical devices [12] .
The piezoelectricity in perovskite structurea such as that of BaTiO3 is due to an offcenter atom located in an octahedral position in the centre of the unit cell. In the
BaTiO3 unit cell, the Ti displacement along the polarization direction changes the
charge balance and creates an internal electric field and charge separation (Figure
1.12). Spontaneous polarization developed by the Ti displacement results in strong
piezoelectric and ferroelectric properties in the BaTiO3 and other perovskite
structures such as PZT.

Figure 1.12 (a) Tetragonal perovskite structure of BaTiO3. (b) Piezoelectric effects
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in a BaTiO3 unit cell due to Ti displacement under an external electric field E [44].
It is well known that doping is an effective method to improve the material
performance in electroceramics. BaTiO3 doped with Ca and Zr demonstrates high
dielectric permittivity, enhanced temperature stability, and high reliability compared
to pure BaTiO3. The effects of Ca and Zr on the piezoelectric and electrical
properties of BaTiO3 will be discussed in the following section.

Effect of Zr on BaTiO3
The Zr4+ ion is dissolved in the BaTiO3 structure via a substitutionally solid solution,
where it is placed in the Ti4+ site and forms barium zirconate titanate (Ba(Ti,Zr)O3).
The Zr4+ ion (ionic radius = 87 pm) is larger and chemically more stable than the Ti+4
ion (ionic radius = 68 pm), and thus replacement of Ti+4 by Zr+4 suppresses the
conduction developed by the electronic hopping between Ti+4 and Ti+3, and leads to
an enhanced dielectric constant and reduced leakage current in the BaTiO3 structure.
The piezoelectric and electrical properties in the Ba(Ti1-xZrx)O3 system have been
investigated for different Zr concentrations, and it has been demonstrated that for
compositions

0≤

x ≤ 0.1

the ceramics show normal ferroelectric behaviour,

however, for compositions 0.10≤ x ≤ 0.42 relaxor properties are indicated. It has
been demonstrated that using a Zr/Ti ratio of 20/80 in the Ba(Ti,Zr)O3 ceramics
creates good piezoelectric and electrical properties in this system.

Effect of Ca on BaTiO3
There have been several reports indicating that partial replacement of Ba2+ by Ca2+
ions enhances the dielectric constant, piezoelectric properties, electromechanical
response, and ferroelectric properties of the BaTiO3 composition [45-48]. In the barium
calcium titanate system ((Ba1-xCax) TiO3), the piezoelectric coefficient has been
18

improved from 180 up to 310 pC N-1 for 0.02 ≤ x ≤ 0.34 [48]. The Curie temperature
is increased to 136°C by adding the Ca2+ ions up to x = 0.08 and then reduced for
higher contents. [47].

(a)

(b)

Figure 1.13 (a) Equilibrium phase diagram of the BaTiO3-CaTiO3 system

[45]

. (b)

Piezoelectric constants of <100>c oriented (Ba,Ca)TiO3 single crystals and zone-melt
biphasic polycrystals [48].

Recently, the lead-free pseudobinary (1-x) Ba(Zr0.20Ti0.80)O3 - x (Ba0.70Ca0.30)TiO3
system[49] has been shown to possess a very high piezoelectric response (Figure
1.14). In this system, the optimal composition with x = 0.5 at room temperature at the
morphotropic phase boundary possesses the highest piezoelectric performance: d33 =
620 pC N-1, g33 = 15.38 × 10-3 Vm N-1, electromechanical coupling factor K33 = 65%,
dielectric permittivity as high as εг ~ 3060, and electromechanical (converse
piezoelectric) response of 1140 pm V-1 [49, 50].
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(f)

Figure 1.14 (a) Hysteresis loops of 40BCT, 40BCT,and 60BCT. (b1) Saturation
polarization, Pm, (b2) remnant polarization, Pr, (b3) coercive field, Ec, (b4)
permittivity, (b5) piezoelectric coefficient, d33, and (b6) converse piezoelectric
coefficient d = S/E. Values of various PZTs are also shown as a reference. (c)
Comparison of d33 among BZT-50BCT and other non-Pb piezoelectrics, and yjr PZT
family. (d) Comparison of the electrostrain versus electric field among BZT-50BCT
and various PZTs. (e1) Temperature dependence of the direct piezoelectric
coefficient in BZT-50BCT. (e2) Temperature dependence of the direct piezoelectric
coefficient in BZT-45BCT (f) Phase diagram of pseudo-binary ferroelectric system
Ba(Zr0.20Ti0.80) O3-(Ba0.70Ca0.30)TiO3, abbreviated as BZT-BCT [49].

It was demonstrated that there was a tricritical point (TCP) in the phase diagram at x
= 0.35 and T = 57 °C. Here, the cubic-paraelectric, ferroelectric rhombohedral, and
tetragonal phases meet each other. In the vicinity of the tricritical point, the
polarization anisotropy vanishes, so that the dielectric permittivity and piezoelectric
coefficient experience very strong enhancement (Figure 1.15). The piezoelectric
parameter is comparable to 500-600 pC N-1 in PZT and considerably higher than
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those in Pb-free piezoelectric compositions such as alkaline niobate ceramics with
300 pC N-1 [42] and bismuth based layered ferroelectric compositions with about 100
pC N-1

[27]

. The high piezoelectric performance was obtained in bulk BTZ-BCT

ceramic, which makes it a promising candidate in piezoelectric devices.

(f)

(a)

(b)

(c)

(d)

(e)

Figure 1.15 (a) Schematic illustration of the tilted MPB developed in the BZT-xBCT
system. Point b represents the TCP and c, d, and e identify three different molar
ratios x at different temperatures along the MPB. (b),(c),(d), and (e) represent the 1D
free energy barrier plot against the polarization rotation from rhombohedral (PR) to
tetragonal (PT) and vice versa. (f) Dielectric constant vs. temperature change in
Ba(Zr0.15Ti0.85)O3 (rhombohedral phase) and (Ba0.80Ca0.20)TiO3 (tetragonal phase) [51].

1.3.4

Other lead-free piezoelectric materials

There are other lead-free piezoelectric materials including wurtzite structures and
quartz (Figure 1.16), which are not ferroelectric. The piezoelectric behaviour in this
group has been discussed previously. Thus, they are employed either as single
crystals or as oriented polycrystalline samples and textured thin films.
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Figure 1.16 ZnO unit cell in the wurtzite structure [52].
Although most of them exhibit low piezoelectric performance, their stability and
compatibility in terms of integration into electronic systems have caused them to
emerge as useful piezoelectric materials in electronic devices. The most commonly
studied materials in this group are ZnO , AlN, and GaN in the forms of textured thin
films and single crystals [52-55]. Their piezoelectric coefficients are compared in Table
1.3.
Table 1.3 Piezoelectric coefficients of ZnO, AlN, and GaN in the forms of thin films
and single crystal.
Materials

d33 (pm V-1)
Single crystal

Thin film

Ref.

ZnO

3.0

4.41

[54]

AlN

5.6

3.4

[55]

GaN

3.7

2.8

[53]

1.4 Low-dimensional piezoelectric properties measurements
Scanning probe microscopy (SPM) techniques, such as Kelvin probe force
microscopy (KPFM), scanning tunnelling microscopy (STM), scanning capacitance
microscopy (SCM), scanning spreading resistance microscopy (SSRM), and
piezoresponse force microscopy (PFM) have emerged as powerful tools to study
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surface electrical properties, ferroelectric domains, and the piezoelectric response in
low-dimensional materials [56-62].

(a)

(b)

Figure 1.17 (a) Schematic illustration of the PFM experimental set up. (b) Surface
displacement of a piezoelectric sample due to the inverse piezoelectric effect
exhibited by the ferroelectric domains under applied electric field.

PFM has been established as a reliable approach to study the dynamic behaviour,
piezoelectric properties, switching mechanism, and configuration of the ferroelectric
domains in the piezoelectric materials. This technique is based on the contact-mode
in SPM, for which the instrument is equipped with a function generator, lock-in
amplifier, and a conductive cantilever [63-70]. Figure 1.17 schematically illustrates the
PFM setup.
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The piezoelectric response of the surface is acquired by applying DC and AC
voltages to the tip scanning over the surface in the contact mode:
Vtip = Vdc + Vac cos(ωt)

(1.11) [63]

Where the electric AC component causes deformation of the surface through the
converse piezoelectric effect, and leading to the tip deflection (Figure 1.18) as
follows:
d = d0 + A 𝑐𝑜𝑠(𝜔𝑡 + 𝜑)

(1.12) [71]

Where A represents the amplitude of the piezoelectric response and φ defines the
phase shift generated by the ferroelectric domain located below the tip. The different
configurations of the ferroelectric domains include parallel to the sample surface (inplane or a-domain) and vertical with respect to the sample surface (out-of-plane or cdomain) (Figure 1.18(a)). Lateral and vertical displacements are created by in-plane
and out-of-plane domains, respectively. Since the tip is in contact with the surface of
the sample, all types of domains exhibit corresponding movements in the tip,
consisting of vertical, longitudinal and lateral movements. Considering the vertical
and lateral movement of the tip (as longitudinal movement is objected in vertical
displacement), vertical PFM (VPFM) and lateral PFM (LPFM) have been developed
to study the in-plane and out-of-plane ferroelectric domains [72].
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(a)

(b)

(c)

(d)

Figure 1.18(a) Schematic illustration of the a-domains and c-domains in a crystal.
(b) Possible movements of the cantilever due to a force developed by the interaction
of different domains with the applied AC signal, in which Fdefl results in deflection,
Fbuck leads to buckling, and Ftor creates torsion in the cantilever. (c) Side- and topview of the cantilever movement. (d) Possible movements of the laser spot on the
photo detector. Fdefl and Fbuck result in a vertical signal, while only Ftor results in a
lateral signal [70]

1.5 Research motivation
Low-dimensional

ferroelectric

materials,

including

nanofibers,

nanotubes,

nanowires, nanobelts, and thin films, have emerged as a hot research topic due to
their novel properties and applications. The state-of-the-art piezoelectric bulk
materials, such as PZT, which have the best piezoelectric performance among all the
piezoelectric compounds, have been used practically as key components in electronic
sensors, actuators, transducers, electro-mechanical energy conversion devices, etc.
Integration of high performance piezoelectrics in piezoelectric devices and
micro/nano electromechanical systems (MEMS, NEMS) is a viable approach to
enhance their efficiency. Low-dimensional piezoelectric and ferroelectric materials
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have been exploited widely in nanogenerators, sensors, transducers, MEMS devices,
and other applications such as microwave varactors and ferroelectric field effect
transistors.[73-78] For instance, high performance piezoelectric nanostructures can
enhance the output power of piezoelectric generators that convert kinetic energy of
vibrations, displacements, or applied force to electricity.[79-83]
There are three challenging issues, however, that need to be addressed for
nanostructured piezoelectric materials and their devices: 1) Although scaling down
the devices to the nanoscale provides significant benefits such as suppressing the
energy consumption, the ferroelectric and piezoelectric properties are often
suppressed in small dimensions due to intrinsic or extrinsic effects, depending on
such factors as lateral size, geometry, particle size, fraction of parallel (a-domains)
and perpendicular (c-domains) domains on the surface, in-plane stress, and domain
wall mobility. 2) Confinement of the nanosized piezoelectric components by the
substrate develops internal stress in its interface with the substrate (clamping effect),
which results in a suppression of its piezoelectric performance. 3) Although
piezoeloectric single crystals possess remarkably high piezoelectric coefficients,
growing

single

crystals

on

the

nanoscale

such

as

in

nanowires

and

nanorods/nanoribbons, while retaining their superior performance, is very difficult in
practice due to complex phase formation dynamics, in particular for ternary
piezoelectric systems.
Enormous efforts have been undertaken to find innovative new materials and
improve the piezoelectric response by varying their compositions and shapes in the
form of thin films, nanowires, and nanofibers. To the best of our knowledge,
however, the piezoelectric response reported for the polycrystalline nanostructured
materials, so far, has been less than 160 pm V-1
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[58, 84-94]

Grain boundaries create

pinning sites for ferroelectric domain wall motion. The high density of grain
boundaries restricts domain wall mobility in nanostructured materials. As a
consequence, the electromechanical response becomes smaller compared to bulk
ceramics containing coarse grains and single crystals, with a lower density of grain
boundaries.[95]
Recently, a lead-free Ba(Ti0.80Zr0.20)O3-x(Ba0.70Ca0.30)TiO3

((1-x)BTZ-xBCT)

piezoelectric system with optimal composition x = 0.5 was reported to show superior
room temperature piezoelectricity, with the piezoelectric coefficient d33 = 620 pC N1

, the piezoelectric voltage constant g33 = 15.38×10-3 Vm N-1, and the

electromechanical (converse piezoelectric) response as high as 1140 pm V-1. These
superior piezoelectric properties are comparable to or higher than those of state-ofthe-art PZT or other lead-free piezoelectric compounds, due to the low polarization
anisotropy and low energy barrier for lattice distortions in the MPB region.[49] The
large d33 obtained in bulk BTZ-BCT ceramics makes this compound a promising
candidate as a component for low-dimensional piezoelectric devices. It is expected
that nanowires/nanofibers or thin films of this compound should have better
piezoelectric properties than that of any existing piezoelectric materials.
In this research, two different aspects of the low dimensional piezoelectric materials
were investigated.
First, low-dimensional counterparts of BTZ-BCT in forms of thin films and
nanofibers were synthesized, and their structures and their piezoelectric and
ferroelectric properties were investigated and compared with the BTZ-BCT
ceramics. Different scanning probe microscopy techniques, including atomic force
microscopy (AFM), piezoresponse force microscopy (PFM), scanning capacitance
microscopy (SCM), and scanning spreading resistance microscopy (SSRM) were
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employed to study the piezoelectric, ferroelectric, and electric properties of the thin
films and nanofibers. Then, biocompatible NKN nanofibers as a piezoelectric
scaffold was synthesized and characterized.

1.6
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Chapter 2. BTZ-BCT Ceramics

In this chapter, the impact of lattice parameters variations on the ferroelectric
properties in the barium titanate zirconate
─ barium calcium titanate (

(1-x)BTZ-

xBCT) system is investigated.

2.1 Introduction
Ferroelectricity in crystalline structures intrinsically is created by the electric dipole
developed by an off-centre atom located in the unit cell. Any change in the lattice
parameters can alter the electric dipole moment in the unit cell and consequently
changes the ferroelectric response. Several factors, such as doping, temperature
variation, crystal defects, internal/external strain, and electric field, can induce the
deformation in the unit cell which results in an enhancement or suppression of the
ferroelectric properties in the crystalline structures.
Several studies have been undertaken to explore the piezoelectric, pyroelectric, and
electromechanical properties of Ba (Ti0.8Zr0.2)TiO3- (Ba0.7Ca0.3)TiO3 (BTZ-BCT)
since it was introduced as a promising lead-free piezoelectric and ferroelectric
compound [1-6]. Since the (1-x)BTZ-xBCT system shows ferroelectricicity in addition
to piezoelectricity, a detailed study on the ferroelectricity and the compositional
dependency in this system is very much indicated. In this Chapter, the effects of Zr
and Ca on the lattice parameters and ferroelectric properties in the (1-x)BTZ-xBCT
system are investigated.
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2.2 Experimental procedure

(1-x)Ba(Ti0.8Zr0.2)TiO3-x(Ba0.7Ca0.3)TiO3 ((1-x)BTZ-xBCT) ceramics with x = 0.0,
0.1,0.2,0.3,0.4,0.5 were prepared using the conventional solid-state reaction method.
BaCO3, CaCO3, TiO2, and ZrO2 were used as raw materials. Stoichiometric ratios of
the materials were mixed via planetary ball milling. Zirconia balls were used, and
distilled water was employed as the ball-milling medium to increase the efficiency.
The resultant slurries were dried in an oven at 100oC for 12 hrs. The mixed powders
were pressed into disks 12 mm in diameter and 3 mm in thickness under 150 MPa
using a uniaxial pressure and calcined at 1300°C for 2 h. Sintering of samples was
carried out at 1450°C for 2 h in the air. The polished surfaces of the samples were
coated with silver paste for electrical and piezoelectric measurements. The crystal
structure and phase content of the ceramics were studied by X-ray diffraction (XRD;
GBC MMA, CuKα radiation, 40 kV, 25 mA) and Raman spectroscopy (HORIBA
Jobin Yvon, HR800) using a He-Ne laser with 632.8 nm wavelength. A field
emission scanning electron microscope (FE-SEM, JEOL JSM 7500FA) was used to
study the morphology and particle size in the ceramics. The electric field dependence
of the polarization (P vs. E dependence) of the ceramics was measured using an HP
42980 LCR-meter. The piezoelectric coeffcient d33 of the ceramics were measured
using a d33 meter ( YE2730A, APC International. Ltd.) at room temperature.

2.3 Results and discussions
2.3.1

Crystalline structure and vibration modes

Figure 2.1 shows XRD patterns of (1-x)BTZ-xBCT ceramics with x = 0.1, 0.2, 0.3,
0.4, and 0.5 molar ratios sintered at 1450°C for 2 h in the air. The XRD patterns
indicate that all samples were fully crystallized in a perovskite structure. Introducing
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the BCT into the BZT structure, which means reducing the Zr4+ concentration and
increasing the Ca2+ concentration in the primary BaTiO3 structure, leads to a shift in
the peak positions in the XRD patterns, as is shown in Figure 2.1 for a peak located
at 2θ ≈ 31.5º.

Figure 2.1 XRD patterns (left) of the (1-x)BTZ-xBCT ceramics sintered at 1450°C for 2 h in
air and enlarged peaks located at 2θ ≈ 31.5º fitted by the Lorentzian function for different x
values. Coexistence of two polar phases, both tetragonal (T) and rhombohedral (R), confirms
the crystallization of BTZ-BCT ceramics in the vicinity of the MPB region. The peak shifts
observed in different samples can be attributed to the internal strain developed by the
substitution of Ca2+ in the Ba+2 sites and Ti+4 in the Zr4+ sites in the BTZ ceramics.

Substitution of the divalent Ca+2 (1.06 A°) with smaller radius than Ba+2 (1.43 Å) on
the A-site and removing the equivalent Zr+4 (0.87 Å), which has a larger radius than
Ti+4 (0.64 Å), from the B-site of the ABO3 structure results in smaller lattice
constants as the concentration of the BCT increases. Figure 2.2 displays the Rietveld
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refinement results for the XRD patterns. The lattice constants and unit cell volumes
in the (1-x)BTZ-xBCT ceramics extracted from the refinement of the XRD patterns
are presented in Table 2.1. The results indicate that introducing the BCT into the
BTZ structure leads to a contraction in the unit cells in the system and reduces the
unit cell volume.

(a)

BTZ

(c)

0.8BTZ-0.2BCT

(e)

0.6BTZ-0.4BCT

(b)

0.9BTZ-0.1BCT

(d)

0.7BTZ-0.3BCT

Figure 2.2 Refinement patterns of the (a) BTZ, (b) 0.9BTZ-0.1BCT, (c) 0.8BTZ-0.2BCT,
(d) 0.7BTZ-0.3BCT, and (e) 0.6BTZ-0.4BCT ceramics sintered at 1450°C for 2 h in air. The
symbols mark the experimental results for the XRD pattern that is fitted in red. The short
blue vertical lines mark the line positions of the standard, and the green spectrum at the
bottom is the difference spectrum between the fit and the experimental results.
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Crystal structures in the ceramics were determined by analysing of the intense peak
located at 2θ ≈ 31.5º in the XRD patterns of all the samples (Figure 2.1).
A Lorentzian peak fitting function was employed to study the crystalline phase
configuration and changes in the samples. It is demonstrated that by increasing the
BCT in the system, the primary structure experiences more distortion and lattice
changes, which are reflected in the XRD peak positions and full-width-halfmaximum values (FWHMs) for the peaks in the samples. Evolution of the tetragonal
structure in the BTZ-BCT ceramics is evident in Figure 2.1.

The coexistence of two ferroelectric phases, the tetragonal and rhombohedral,
enhances the polarizability of the system and elininates the energy barrier against
switching of the polarization direction

[1]

. Crystallization in the vicinity of the

morphotropic phase boundary (MPB) and approaching the triple critical point (TCP)
in the BTZ-BCT ceramic dramatically improve its piezoelectric and ferroelectric
properties, as reported earlier by Liu et.al. [1].
Field emission scanning electron microscope images of the BTZ-BCT ceramic are
shown in Figure 2.3 (a) and (b). The images were tcollected without a conducting
coating to preserve the inherent topography of the grains. Figure2.3 (a) shows
diverse particle sizes ranging from the submicron to about 3 µm. Different crystal
defects such as edge and screw dislocations form suitable sites for the crystal growth
in BTZ-BCT ceramic. Figure 2.3(b) displays the growth steps on grains.
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Table 2.1 Lattice parameters and unit cell volumes of the (1-x)BTZ-xBCT ceramics
extracted from the Rietveld refinement results on the ceramics.

Symmetry

X= 0

X= 0.1

X= 0.2

X= 0.3

X= 0.4

X= 0.5*

R3m

R3m

R3m

R3m

R3m

R3m

P4mm

4.043

4.034

4.029

4.016

4.009

4.000

3.998,

Lattice
constants
a, b, c (Å)

4.016
α (deg.)

89.72

89.87

89.93

89.97

89.90

66.08

65.64

65.41

64.77

64.44

64.11

x

0.0

0.0

0.0

0.0

0.0

-

y

0.0

0.0

0.0

0.0

0.0

-

z

0.0

0.0

0.0

0.0

0.0

-

x

0.4872

0.4850

0.4995

0.4893

0.4872

-

y

0.4872

0.4850

0.4995

0.4893

0.4872

-

z

0.4872

0.4850

0.4995

0.4893

0.4872

-

x

0.5109

0.5131

0.5152

0.5364

0.5109

-

y

0.5109

0.5131

0.5152

0.5364

0.5109

-

z

0.0193

-0.0251

-0.0312

0.0301

0.0193

-

15.47

18.63

19.19

16.83

19.45

-

3.29

2.26

2.46

3.94

2.84

-

Unit

cell

89.97

90.00

3

volume (Å )
Atomic
positions
(Ba, Ca)

(Ti, Zr)

O

Rwp

a

GOFb

a) The R-weighted pattern (Rwp) is used to estimate the agreement between the observations and the
model during the course of the refinement (5% < Rwp < 10%: very good agreement; 10% < Rwp <
20%: typical).
b) Goodness of fitting (GOF).
*Lattice parameters and unit cell volume were calculated using corresponding equations for the
tetragonal and rhombohedral structures [7].
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Figure 2.3 (a) FE-SEM image of the particle size distribution and morphology of the grains
in the BTZ-BCT ceramic sintered at 1450°C for 2 h in the air. (b) Higher magnification
image of the area indicated by the square in (a) that shows the growth steps in individual
grains.

Different vibration modes in the (1-x)BTZ-xBCT system were investigated by
Raman spectroscopy at room temperature (Figure 2.4). Spectra of the ceramics are
compared with BaTiO3 as their primary structure.

Figure 2.4 Different vibration modes in the (1-x)BTZ-xBCT system were investigated by
Raman spectroscopy at room temperature.
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All features characteristic of the perovskite structure of the bulk BaTiO3 can be
verified in the Raman spectra of all the ceramics [8, 9] .
According to the vibration modes in BaTiO3, the Raman peaks located at about 520
and 724 cm-1 are generated by the (Ba,Ca)—O bonds, and the peaks at about 300 cm1

are due to the (Ti,Zr)—O bond vibrations in the (1-x)BTZ-xBCT system

[8-10]

.

According to the ionic radii of the elements that exist in the system, increasing the
amount of Ca2+, with an ionic radius smaller than its host ion, Ba2+, in unit cells leads
to shorter (Ba, Ca)—O bonds, and higher vibration frequencies and a blue shift in the
bands located at about 520 and 724 cm-1. By increasing the BCT concentration in the
system, the concentration of the Zr4+, which has a larger ionic radius compared to
Ti4+, decreases, and a red shift in the band generated by the (Ti,Zr)—O bonds occurs.

2.3.2

Ferroelectric and piezoelectric properties

In order to study the ferroelectric properties of the ceramics, the polarization versus
electric field (P-E loop) changes of the bulk ceramics were studied. Generally, the
switching of the spontaneous polarizations in ferroelectrics yields a hysteresis loop
when they are imposed by a strong enough alternating electric field from positive to
negative. Figure 2.5 illustrates a typical P-E loop in a ferroelectric material. When an
electric field is applied to a ferroelectric crystal, in the OA part, the spontaneously
polarized ferroelectric domains begin to rotate, but they do not enter a permanent
state due to the weak electric field and behave similarly to a typical dielectric
material.
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Figure 2.5 Typical polarization versus electric field hysteresis loop (P-E loop) in a
ferroelectric material[11].

As the electric field is increased, a dramatic enhancement occurs (AB) in the
allignment of the domains, which reaches a maximum at point C. In this state, almost
all of the domains are aligned in the direction of the electric field (but with the
opposite polarity) and net polarization in the system is at its saturation level. This
value of the polarization is called the saturation polarization (OE). Even when the
electric field is then reduced to zero, a part of the aligned domains keep their
arrangement and a remanent polarization (Pr) at zero electric field is achieved (OD).
Rotation of the domains continues by reversing the electric field, and a similar
phenomenon can be seen in the opposite arrangment. The required electric field for
switching the spontaneous polarization/ferroelectric domains is called the coercive
field (OF) which exists for both positive and negative electric fields. The G and H
points in the negative region correspond to the C and D points in the positive region.
In order to investigate the effects of Zr and Ca variations on the ferroelectric
properties of the (1-x)BTZ-xBCT, system the P-E loops of the ceramics were
collected at 100 Hz sweep of the electric field. Figure 2.6(a) demonstrates that the
maximum or saturation polarization (Ps) is increased by introducing the BCT into the
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BTZ structure, and rthe maximum Ps= 13.32 μC cm-2 at x = 0.5 in the (1-x)BTZxBCT system.

The composition dependence of the polarization elements leads to an enhancement of
about two times in the BTZ-BCT ceramic compared to the BTZ (Ps = 6.96 μC cm-2)
under the same electric field.
The correlation between the spontaneous polarization Ps and the volume of the unit
cell is as follows:
𝑃𝑠 =

1
𝑣

∑𝑖 𝛿𝑖 𝑍𝑖

(2.1)

Where 𝑣 is the unit cell volume, 𝛿𝑖 is the displacement of an atom 𝑖 from a

centrosymmetric site in the unit cell, and 𝑍𝑖 is the effective nuclear charge of tatom 𝑖.

Reducing the bonding distances in the Ba—O and Zr—O bonds, as was discussed

earlier, in the (1-x)BTZ-xBCT system by Ca2+ and Ti4+ replacements results in a
shrinkage in the unit cell volume and provides more space (Ti4+ has a smaller ionic
radius compared to Zr4+) for the displacement of an off-centre atom inside the unit
cell, and therefore, according to Equation (2.1), the spontaneous polarization
increases with substitution of the Ba2+ and Zr4+ ions by Ca2+ and Ti4+.
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(a)

(c)

(b)

(d)

Figure 2.6 (a) Maximum polarization Ps is increased by introducing BCT into the BTZ
structure, and the maximum Ps= 13.32 μC cm-2 at x = 0.5 in the (1-x)BTZ-xBCT system. (b)
Correlation of the polarization saturation enhancement with the decrease in the unit cell
volume in the (1-x)BTZ-xBCT ceramics. (c) The BTZ-BCT ceramic achieved the maximum
spontaneous polarization Ps = 13.86 μC cm-2 under an electric field E = 40 kV cm-1 at room
temperature. (d) Piezoelectric response enhancement in the BTZ-BCT ceramic compared to
other compositions in this system.

Figure 2.6(b) displays the correlation between the polarization saturation
enhancement and the decrease in the unit cell volume in the (1-x)BTZ-xBCT
ceramics. It must be taken into the account that approaching the MPB in the BTZBCT also eliminates the anisotropy of polarization, and this has an important impact
on the enhancement of the ferroelectric properties in this composition compared to
the other ceramics in this system [1].
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The BTZ-BCT ceramics achieved the maximum spontaneous polarization Ps = 13.86
μC cm-2 under an electric field E = 40 kV cm-1 at room temperature (Figure 2.6(c)).
The (1-x)BTZ-xBCT ceramics used for the ferroelectric measurements were
polarized for the piezoelectric coefficient measurements. Poling was performed by
employing a 3 kV mm-1 DC electric field at room temperature to align the
spontaneous polarizations developed in the ceramics and create a non-zero-net
polarization.
Significant enhancement in the piezoelectric coefficient d33 = 356 pC N-1 was
observed in the BTZ-BCT ceramics. Referring to the other studies carried out on this
system, the same trend in the (1-x)BTZ-xBCT piezoelectric behaviour is observed in
our samples, however, the measured d33 values are less than the maximum
piezoelectric coefficients reported by W.Liu et.al.[1-3, 12, 13]. Figure 2.6(d) presents the
piezoelectric response enhancement in the BTZ-BCT ceramics compared to other
compositions in this system. Regarding the effects of the MPB on the piezoelectric
properties explained in Chapter 1, approaching the triple critical point (TCP),
crystallization in the vicinity of the MPB, and flattening of the energy barrier against
rotation of the polarization into different possible directions, results in high
piezoelectric performance in BTZ-BCT ceramic.

2.4 Conclusions

(1-x)BTZ-xBCT ceramics were synthesized using the conventional solid state
reaction at 1450°C in air. Crystal structures, lattice parameters, and unit cell volumes
of the ceramics were determined by employing the Rietveld method to refine the
corresponding XRD patterns. Structural analysis results, combined with the changes
in ferroelectric properties observed in the ceramics, reveal that reducing the unit cell
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volume in combination with enhancement of displacement of toff-centre atoms in
this system leads to an enhancement in the ferroelectric performance in the (1x)BTZ-xBCT system as x is increased to 0.5.
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Chapter 3. BTZ-BCT Nanofibers

This chapter presents structural properties investigations, quantitative piezoelectric
and electrical characterizations, and resistance distribution of high performance Ba
(Ti0.8Zr0.2)TiO3- (Ba0.7Ca0.3)TiO3 (BTZ-BCT) piezoelectric nanofibers using different
microscopy techniques. Crystalline structure development and phase content of the
nanofibers have been studied, and effects of the crystallization in morphotropic phase
boundary on the piezoelectric performance of the nanofibers are discussed.

3.1 Introduction
Quasi-one-dimensional (1D) ferroelectric materials including nanofibers, nanotubes,
nanowires, and nanobelts have emerged as a hot research topic due to their novel
properties and applications. Owing to their low-dimension and high aspect ratio, they
exhibit distinct properties from their respective bulk materials. They could be
exploited at very high frequencies and tolerate significantly high strains. For
example, by utilizing piezoelectric nanofibers in nanogenerators, energy harvesting
and self-powered devices can exhibit more efficiency and output voltage in very
small sizes [1-9]. There have been several reports on fabrication and application of the
piezoelectric nanofibers, however, lack of information on their quantitative electrical
properties and structural states have hindered further attempts towards improving
physical and electrical properties characterizations. Understanding the structure and
electrical properties of the ferroelectric materials on the nanoscale is crucial for the
improvement of these devices and requires accurate quantitative characterizations.
Scanning probe microscopy (SPM) techniques such as Kelvin probe force
microscopy (KPFM), scanning tunnelling microscopy (STM), scanning spreading
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resistance microscopy (SSRM), and piezoresponse force microscopy (PFM) have
emerged

as powerful tools to study surface electrical properties, ferroelectric

domains, and piezoelectric response in the low-dimensional materials [1, 10-14].
In the study of piezoelectricity, conventional piezoresponse force microscopy (PFM)
has been widely used to measure the piezoelectric response, and the domain and
domain wall dynamics. It gives accurate quantitative results on the nanoscale.
The electrical resistance is an essential property in the piezoelectric and ferroelectric
materials. High resistance reduces the dissipation of the generated charges on the
surfaces and decreases the leakage current in ferroelectric materials, thus improving
the piezoelectric response and ferroelectric performance[15]. The low leakage current
reduces the risk of early breakdown in the piezoelectric materials when an electric
field is applied to create a displacement.
Distribution of the resistance over the nanofibers must be taken into the account. A
non-uniform distribution of the resistance may lead to an inhomogeneous distribution
of the electric field when a voltage is applied to the nanofibers and creates uneven
stresses and strains in the nanofibers. These can suppress the piezoelectric
performance of the nanofibers and reduce their lifetime.
SSRM is a powerful technique to map the resistance distribution of a sample. A DCbias voltage applied between the tip and the sample results in a current which passes
through the surface. The topographic and current distribution images of the surface
collected in SSRM provide valuable information on the nanoscale.

3.2 Experimental procedure
The BTZ-BCT nanofibres were synthesized using sol-gel assisted electrospinnig
technique. A solution of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 precursor (10 mL ) was
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prepared by dissolving barium acetate and calcium acetate in glacial acetic acid at 60
°C and cooling down the solution to room temperature, followed by mixing the Zr
and Ti solution prepared from dissolved titanium isopropoxide and zirconium
propoxide in ethanol. In order to prepare the BTZ-BCT solution for the
electrospinning, 350 mg of polyvinylpyrrolidone (PVP, MW= 1,300,000) was
dissolved in the BTZ-BCT precursor solution and stirred for 1 hour in a tightly
capped 20 ml glass bottle. The transparent and viscous solution was transferred into a
plastic syringe.
Electrospinning was carried out by applying 15 kV between the metallic needle of
the syringe pump and the aluminium foil collector. The solution was fed at a rate of 1
ml h-. A non-woven and bead-free nanofiber mat containing hydrolyzed BTZ-BCT
precursor and PVP were collected from the surface of the Al-foil collector placed at
9 cm below the needle. The mat was dried at 100 °C for 12 hours followed by
calcination at 500, 600, 700 and 800 °C for 1 hour in air. The heating/cooling rate
was 5 °C min-1.
Evolution of the crystal structure of the nanofibers calcined at different temperatures
was studied by X-ray diffraction (XRD, GBC MMA powder diffractometer, CuKα
radiation, 40 kV, 25 mA). Raman spectra were collected (HORIBA Jobin Yvon,
HR800 spectrometer) at room temperature in air by pumping samples with 632.8 nm
He-Ne laser light. A field emission scanning electron microscope (FE-SEM, JEOL
JSM 7500FA) was used to collect images of the nanofibers. Transmission electron
microscopy (TEM) was performed using a JEOL 2011 200 keV analytical
instrument. Samples were prepared by dispersion onto “Quantifoil” holey carbon
support film so that sample regions located over holes in the support film could be
examined.
51

Piezoresponse

force

microscopy (PFM,

Asylum

Research,

MFP-3D)

for

piezoelectric properties measurements and a SPM operating in the SSRM and
scanning capacitance microscopy (SCM) modes (Digital Instrument, Dimension
3100) were used. A highly boron doped diamond coated Si tip for the SSRM and a
PtIr-coated Si tip for the PFM and SCM were employed. The bottom electrode was
an Ir layer on Si wafer, and the top electrode was the conducting tip.

3.3 Results and discussion
3.3.1 Microstructure and crystalline phase evolution
Field-emission scanning electron microscope images of the BTZ-BCT nanofibers
calcined at different temperatures, ranging from 500°C to 800 °C for 1 hour in air,
are displayed in Figures 3.1(a) to (d) .The evaporation and burning of the volatile
organic compounds during the calcination process lead to a significant shrinkage in
the nanofibers. The average diameter of nanofibers, which are tens of microns in
length, is about 200 nm for the sample annealed at 700 °C, but it is reduced to about
150 nm by annealing at 800 °C. Such sintering shrinkage occurs, as it is believed,
through the mass transport along grain boundaries to the neck between adjacent
grains [16, 17].

52

Figure 3.1 FE-SEM images of the BTZ-BCT nanofibers (a) calcined at 500°C, (b) at 600°C
(c) at 700°C. And (d) at 800°C for 1 hour. Insets: highly magnified views of annealed BTZBCT nanofibers. All images were collected under 0.5 kV acceleration voltage and 3.7 mm
working distance without conductive coating.

Microanalysis of the nanofibers annealed at 700°C in air that are displayed in Figure
3.2 confirms the presence of the essential constituent elements Ba, Ca, Ti, and Zr in
the nanofibers. The quantitative analysis results shown in the inset table in Figure 3.2
present the concentrations of each element. Considering the low stoichiometric
concentrations of the Ca and Zr in the BTZ-BCT formulation, the quantitative results
are reasonable.
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Figure 3.2 Energy dispersive X-ray spectroscopy (EDS) of the BTZ-BCT nanofibres
annealed at 700°C. The inset table shows the concentrations of the different elements.

Crystalline structure and phase evolution were examined by X-ray diffractometery
on the nanofibers annealed at different temperatures from 500°C to 800°C (Figure
3.3(a)). For 500 °C, no Bragg reflections corresponding to a crystalline structure
were observed. The broad peak at 2θ ~ 26 ° indicates the presence of amorphous
carbon

[18]

. BaCO3 nanocrystals formed at 600 °C ( 2θ = 26.7 °) [19] were no longer

stable at higher temperatures, and no residual BaCO3 phase was present due to its
thermal decomposition at temperatures above 600 °C. After annealing the nanofibers
at 700 °C and 800 °C, the onset of BTZ-BCT perovskite crystallization becomes
evident in the XRD patterns. Bragg reflections in Figure 3.3 are indexed according to
the PDF reference cards 75-2116 for tetragonal and 85-0368 for rhombohedral
structured BaTiO3 [30]. No detectable impurity phases were observed. In Figure 3.3
(b) and (c) enlarged scans of the main Bragg diffraction reflections for {110} at 2θ =
31.7 ° and {200} at 2θ = 45.5 ° for the BTZ-BCT nanofibers annealed at 700°C were
fitted using Lorentzian functions.
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Figure 3.3 (a) XRD patterns of the BTZ-BCT nanofibers annealed at different temperatures
with corresponding Miller indices of BaTiO3.

Enlarged scans of Bragg diffraction

reflections (b) for {110} at 2θ = 31.7 ° and (c) {200} at 2θ = 45.5 ° for the BTZ-BCT
nanofibers annealed at 700 °C. The peaks are fitted by Lorentzian functions. Coexistence of
rhombohedral and tetragonal phases proves that crystallization of the nanofibers has
occurred in the vicinity of the morphotropic phase boundary.

Coexistence of the tetragonal and rhombohedral crystalline structures indicates that
the nanofibers were successfully crystallized in the morphotropic phase boundary
(MPB) region. This occurs at remarkably lower temperature compared to the bulk
sample prepared by W. Liu et al. at ~1450 °C[20]. We attribute this to the much higher
surface-area-to-volume ratio of the nanosized fibers compared to micron-sized grains
in ceramics grown by solid-state reaction. The crystallite size of the nanofibers
calcined at 700°C and 800 °C was calculated using the Scherrer equation from the
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full-width-at-half-maximum (FWHM) values of the Bragg peaks at 2θ ≈ 31.70 °. The
tetragonal crystallite size increased from about 43 nm to 58 nm and the
rhombohedral crystallite size from 17 nm to 30 nm on average with 100°C increment
in calcination temperature from 700°C.
3.3.2

Vibration modes

The local atomic environment in the BTZ-BCT nanofibers was examined by Raman
spectroscopy at room temperature (Figure 3.4).

Figure 3.4 Raman scattering spectra of the BTZ-BCT nanofibers annealed at 500, 600, 700,
and 800 °C for 1 hour in air. Since the [A1(TO)] peak at 164 cm-1 exists only in the
rhombohedral phase of BaTiO3 nanocrystals, it indicates the coexistence of rhombohedral
(R) and tetragonal (T) phases in the MPB region at temperatures above 700°C.

All features characteristic of the perovskite structure of bulk BaTiO3 were verified in
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the Raman spectra of bulk BTZ-BCT ceramics in different forms.[21,

22]

Two A1

transverse optical modes [A1(TO)] and a longitudinal optical mode [A1(LO)],
together with a combined mode [B1,E(TO+LO)], are located in the range of 100 to
300 cm-1. Raman shifts at around 260 and 300 cm-1 are attributed to the Ti-O bond
vibrations. Ba-O bonds produce two mixed modes, [A1,E(TO)] and [A1,E(LO)], at
the high frequencies of about 520 and 725 cm-1.

[21, 23]

The A1 and E modes are

present in both Raman and infrared spectra, however, the B1 mode is only Raman
active.

[21]

The low intensity peak at 164 cm-1, assigned to the transverse optical

mode [A1(TO)], has been observed only in the rhombohedral phase of
nanocrystalline barium titanate,

[24]

while the other vibrational modes exist in both

tetragonal and rhombohedral phases. The coexistence of these two ferroelectric
phases in the Raman spectra confirms the crystallization of the BTZ-BCT nanofibers
and thin films in the MPB region.
Strain developed at the BTZ-BCT nanostructure-substrate interface together with the
substitution of Ca2+ and Zr4+, with ionic radii of 114 and 86 pm, respectively, for
Ba+2 and Ti+4 (with ionic radii of 146 pm and 74.5 pm, respectively) could be
responsible for the shift in the Raman spectra of BTZ-BCT bulks and nanofibers
compared to the polycrystalline BaTiO3. [22]
The signal appearing at 820 cm-1 could be generated by lattice defects caused by A or
B site vacancies in the ABO3 perovskite structure [25]. Three high frequency peaks in
the range of 1600 cm-1 to 1800 cm-1 are made faint by increasing the calcination
temperature up to 800 °C. The Raman revealed crystallization of the BTZ-BCT
nanofibers above 700 °C in coexisting tetragonal and rhombohedral symmetries is in
a good agreement with the XRD results and indicates the crystallization of the
nanofibers in the MPB region.
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TEM studies were conducted for further investigation of the crystal structure and
phase content of the BTZ-BCT nanofibers. Regarding to crystallite sizes calculated
for tetragonal (43 nm) and rhombohedral phases (17 nm) at 700°C, large particles
correspond to the tetragonal phase, and small particles indicate rhombohedral phase
in Figure 3.5(a).
3.3.3

Crystalline phase observations by TEM

Figure 3.5 TEM results obtained from sample heat-treated at 700° C: (a) low magnification
image of a nanofibre containing larger tetragonal and smaller rhombohedral particles, with
inset selected area electron diffraction pattern; (b) indexing of the regions indicated in red
and green in (a) of {110} group reflections according to the indicated rhombohedral (R) and
tetragonal (T) phase reflections; (c) a second selected area diffraction pattern with
rhombohedral and tetragonal reflections as indicated; (d) high magnification image with
region containing fine twins indicated.
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Analysis of the electron diffraction pattern acquired from the same fibre displayed in
Figure 3.5(a) shows that the nanofibers are composed of two crystalline structures,
tetragonal (T) and rhombohedral (R) (Figure 3.5(b) and(c)). Nanotwins about 10 nm
in length and 1-2 nm in width were observed in the high magnification image
displayed in Figure 3.5(d) as previously reported for BaTiO3 [26-28]. These twins could
be formed during the grain growth (growth twins) at high temperatures in the cubic
structure that is stable in ferroelectric phases, or they are generated by strain that
arises in the cubic-tetragonal or tetragonal-rhombohedral phase transitions
(deformation twins) below the Curie temperature.

[29-31]

. Twinning occurs to release

some of the elastic strains induced by the volume change that subsequently reduces
the total system energy. Lattice fringes near the twin boundaries show a symmetrical
mirror arrangement of the atoms in that area. Crystal defects such as twins, stacking
faults, and edge and screw dislocations act as pinning sites against the movement of
the ferroelectric domains and reduce their mobility. Suppression of the domain wall
mobility, either by the high density of grain boundaries due to the nanometer size
particles or crystal defects in the BTZ-BCT nanofibers reduces its piezoelectric
response [32, 33].

3.3.4

Piezoelectric and ferroelectric measurements by PFM

PFM was employed to quantify the piezoelectric coefficient in the BTZ-BCT fibers.
The deflection signal was calibrated by using the force-distance curve for the
cantilever (Figure 3.6) used for PFM measurements.
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Figure 3.6. Force-distance curve recorded from the surface of a silicon substrate using the
cantilever employed in our PFM measurements. This plot was used for the optical sensitivity
calibration of the cantilever.

Hysteretic bias voltage dependencies of the phase of the piezo-signal, the
displacement, and the piezoelectric coefficient in Figure 3.7(a)-(c) manifest the
switching of local ferroelectric domains in the BTZ-BCT thin film and nanofiber. A
DC-bias voltage, ranging from -5 V to +5 V, was employed. The PFM phase
hysteresis loops in Figure 3.7(a) show the 180° rotation of the electrical polarization
of domains in the BTZ-BCT nanofiber. Switching of polarization occurs due to an
inhomogeneous nucleation and anisotropic growth of domains [34] in external electric
field applied between the bottom electrode (Ir layer on Si wafer) and the top
electrode (PtIr-coated Si tip). The asymmetric shape of the hysteresis loops and their
shift toward the positive field (PtIr tip as anode) is due to the difference in work
functions, respectively, in the bottom and top electrodes: 4.23 eV for Ir and 5.6 eV
for PtIr. [35, 36]
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Figure 3.7 (a) Local PFM phase hysteresis loops and (b) piezoelectric butterfly loops of the
BTZ-BCT nanofiber obtained by switching the dc-bias voltage from -5 to +5 volts. 180°
domain switching in the phase hysteresis loop shows the switching of spontaneous electrical
dipoles built up in the BTZ-BCT fiber. (c) d33 hysteresis loop calculated by using the
converse piezoelectric equation, Δz = d33V, which indicates a significant enhancement of d33
= 180 pmV-1 in the BTZ-BCT nanofiber. (d) 3D topographic atomic force microscope
(AFM) image of the nanofiber used for the PFM measurements.

Figure 3.7(b) shows the displacement ∆z of the tip caused by the deformation of the
ferroelectric sample under applied electric field developed by the bias voltage.

Hysteretic curves exhibit an irreversible converse piezoelectric effect in BTZ-BCT
nanofiber. According to the definition of the converse piezoelectric effect, the
piezoelectric coefficient d33 can be calculated from the equation:
𝑑33 =

∆z

(3.1)

V
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[37]

d33 values as high as 180 pmV-1 in fiber were obtained from the slope of the
linear part of the Δz vs. bias voltage curve at very low voltage.
The observed piezoelectric coefficient in our nanofibers exceeds that of all the
reported piezoelectric nanofibres, and comparable to the PZT ones. Table 3.1
compares the piezoelectric coefficient d33 of lead-containing and lead-free
piezoelectrics fabricated in the form of nanofibres.

Table 3.1 Comparison of the piezoelectric coefficient d33 of the BTZ-BCT nanofibres with
lead-based and lead-free piezoelectric nanofibres.
Materials

Orientation

d33(pm V-1)

Ref.

BTZ-BCT

Random

180

Current study

Pb(Zr0.3Ti0.7)O3

Random

83

[38]

0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3

Random

50

[39]

CoFe2O4-Pb(Zr0.52Ti0.48)O3

Random

157

[40]

Bi3.4Ce0.6Ti3O12

Random

158

[41]

(Na0.82K0.18)0.5Bi0.5TiO3

Random

96

[42]

Bi3.15Nd0.85Ti3O12

Random

89

[43]

ZnO-V

Random

121

[44]

(Na0.5Bi0.5)0.94TiO3-Ba0.06TiO3

Random

102

[42]

Their piezoelectric performances are comparable to d33 = 83-100 pm V-1 for PZT
nanofibers and thin films

[38, 45]

and considerably higher than those in Pb-free

piezoelectric materials such as (Na,K)NbO3 thin films with d33 = 40 pm V-1

[46]

and

bismuth based layered ferroelectrics compositions in form of nanofibers and thin
films with d33 = 40-110 pm V-1

[43, 47]

. Compared to PZT nanofibers, BaTiO3 thin

films, ZnO nanorods/pillars, and NaNbO3 nanowires exploited recently in highpower piezoelectric generators [8, 48-51] (see Figure 3.8), our fibers seem to be capable
of significantly increased efficiency and output power in self-powered nanodevices
62

and energy harvesting systems. For example, according to Figure 3.8, d33 in BTZBCT nanofibers exhibits more than 100% enhancement compared to the PZT
nanofibers. [38]

Figure 3.8 Comparison of piezoelectric coefficient d33 in nanostructured components used to
build piezoelectric generators with d33 in our BTZ-BCT films and fibers.

The reason for the high d33 values in our nanofibers is because the BTZ-BCT bulk
ceramics exhibit a very large piezoelectric effect compared to other piezoelectric
bulks. The large value (d33 = 1146 pm V-1) in the BTZ-BCT bulk ceramics is caused
by crystallization in the vicinity of the rhombohedral-cubic-tetragonal critical point
(critical triple point) which approaches the MPB region in the BTZ-BCT phase
diagram. The effects of the MPB and critical triple point on the piezoelectric
performance are discussed in details in Chapter 1. For this composition, the
polarization anisotropy vanishes, leading to a strong dependence of the electrical
polarization

on

elastic

deformations,

thus

significantly

increasing

the

piezoelectricity. It is important to note that even a very small change in the
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stoichiometry of the BTZ-BCT, as low as 5%, can result in drastic suppression of d33
in the final system of up to 40%.[20]
E
The equation (3.2) relates T (stress), E (electric field ), s13
(elastic compliance)

and d33 (inverse piezoelectric coefficient) to S (strain) in an unclamped piezoelectric
crystal.
𝐸 (𝑇
𝐸
𝑆3 = 𝑆13
1 + 𝑇2 ) + 𝑆33 𝑇3 + 𝑑33 𝐸3

(3.2) 40

It is well known that clamping to the substrate suppresses the strain and
consequently the measured converse piezoelectric coefficient in thin films and
nanofibers. The normal component of the electric field induces in-plane elastic stress,
σeffective. This affects normal deformations of the sample if a ferroelectric material is
tightly bonded with a rigid substrate. We assume the clamped nanofiber as the onedimensional object. Without applying stress on its free surfaces, T2=T3=0. The rigid
substrate can be considered as an isotropic object, therefore T1 =T in the nanofibers.
The T represents the effective stress.
Re-arranging the equation (3.2) with respect to the stress distributions in the
nanofibers, gives the effective piezoelectric coefficient 𝑑33,𝑓 for the one-dimensional
(equation (3.3)) objects.

𝑆3

𝐸3

= 𝑑33,𝑓 = 𝑑33 +

𝐸 σ
𝑆13
effective

𝐸3

(3.3)

E
Using d33 = 1140 pm V-1 [20] and s13
= 7.4 × 10-12 m2 N-1 [52], experimentally obtained

in bulk BTZ-BCT ceramics, we present the effective piezoelectric coefficient 𝑑33,𝑓

and the effective stress σeffective calculated from equation (3.2) in Table 3.2.
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Table 3.2 Calculated effective stress induced by electric field in the nanofiber-substrate
interface.

Geometry

Nanofibre
a

Maximum 𝑑33,𝑓

EcA

𝑑33,𝑓

σeffective

(pm V-1)

(kV cm-1 )

(pm V-1)a

( MPa)

180

20

151

284

d33 measured in coercive field

3.3.5

Ferroelectric nanodomain imaging by SCM

Since electrical domains in ferroelectric materials manifest themselves as a local
distribution of surface charges, domain switching can be detected by the ac-field
scanning capacitance microscopy (SCM) technique. SCM is more ideal for
visualizing the ferroelectric domains in nanofibers with curved surfaces than PFM.
The topography of a single BTZ-BCT nanofiber (atomic force microscope (AFM)
image) and its SCM image obtained simultaneously are displayed in Figure 3.9(a)
and (b).
The sign and magnitude of the C-V slope in the SCM image is recorded and
converted to the dC/dV signals when the AC bias is applied to a local capacitor
constructed by the nanofiber and conductive tip, and the substrate, which function as
top and bottom electrodes, respectively. In order to record the differential
capacitance (dC/dV) image, a PtIr-coated Si tip was used. dC/dV signals were
achieved at small 1 V amplitude ac-bias between the tip and conducting substrate at
frequency of 90 kHz. The lock-in 180° phase mode was selected to observe the
opposite polarity of domains in the form of a contrast in the dC/dV images of
nanofibers.
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Figure 3.9 (a) Topographical (AFM), (b) SCM images, obtained in contact mode, of a single
BTZ-BCT nanofiber annealed at 700°C on a Si/SiO2/Ti/Ir conductive substrate. The two
distinct types of regions in black and white represent opposite out-of-plane electric domains,
averaging 24 nm in size and (c) schematic illustration of the SCM measurement. The sign
and magnitude of the C-V slope in the SCM image is recorded while the AC bias is applied
to a local capacitor constructed by the nanofiber and conductive tip, and the substrate as top
and bottom electrodes, respectively. The ferroelectric domain polarities and their
configurations are developed in the dC/dV image in the SCM as a result of different trends in
the dC/dV with respect to the polarization states.

Figure 3.9(b) shows the sharp contrast in a SCM image recorded simultaneously with
the topographical image of the same nanofiber in Figure 3.9 (a). Regarding the
schematic illustration of the SCM, measuring capacitance versus voltage and dC/dV
versus voltage in ferroelectric materials (see Figure 3.9(c)), while sweeping the
voltage from positive to negative, creates two distinct regions in the C-V plot. The
two peaks that exist in the C-V curve in the ferroelectric materials represent the
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spontaneous polarization switching. The ferroelectric domain polarities and their
configurations are developed in the dC/dV images in the SCM as a result of different
trends in the dC/dV with respect to the polarization states. Since in SCM imaging, the
dC/dV signal recorded from the surface is converted to a voltage output, which is
different from dC/dV, thus, the SCM image is scaled in volts, and ferroelectric
domains with the opposite polarizations create the sharp contrast in this image. Two
distinct types of region, displayed as black and white areas, were obtained in zero
volt dc-bias, which we interpret as opposite out-of-plane electric domains. They have
an average size of about 24 nm.

3.3.6

Electric resistance measurements by SSRM

2D resistivity of the BTZ-BCT nanofiber/substrate was studied using SPM operating
in the SSRM mode. A highly boron doped Si tip as the conductive tip scans in
contact mode over the nanofiber and substrate surface. In order to collect the
resistivity map of the BTZ-BCT nanofiber, a -5 V DC bias voltage was applied
between the tip and the sample. The resulting current passed through the fibre and
conductive layer of the substrate.
The topographic image (Figure 3.10(a)) and current distribution image (Figure
3.10(b)) of the nanofiber were recorded in real-time. The contrast revealed in the
SSRM image was induced by the difference in conductivity/resistivity of the
conductive layer of the substrate and the BTZ-BCT nanofiber. The bright area of the
SSRM image represents the conducting surface of the substrate, and the dark area
shows the high resistance BTZ-BCT nanofiber, which allows the current toflow
through by applying a -5 V DC-bias voltage. The uniform SSRM image reveals an
even current distribution in the nanofiber.
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Figure 3.10 (a) Topographical (AFM), (b) SSRM images, obtained in contact mode, of a
single BTZ-BCT nanofiber annealed at 700°C on a Si/SiO2/Ti/Ir conductive substrate. The
two distinct types of regions in dark and bright colours represent the current distribution in
the conducting substrate and ferroelectric nanofiber. (c) Section analysis of the SSRM
image, and (d) reference transfer curve of the SSRM logarithmic current amplifier in
different biases.

This develops a highly homogeneous electric field distribution when a voltage is
employed on the fiber and impedes the non-uniform development of stresses/strains
in the nanofibers. These homogeneities in the current, electric field, and
consequently, the stress/strain distribution result in more accuracy in displacement,
higher output voltage, and longer lifetime of a device based on the BTZ-BCT
nanofibers. A section analysis of the SSRM image is shown in Figure 3.10(c).
According to the reference transfer curve of the SSRM logarithmic current amplifier
(Figure 3.10(d)) and the maximum output voltage extracted from the section
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analysis, the average DC resistance of the BTZ-BCT nanofiber is 1010 ohms. This
high resistance reduces the dissipation of the generated charges and leakage current,
thus improving the piezoelectric response and ferroelectric performance in the BTZBCT nanofibers[15] .
Regarding the Ohm’s law
𝑉

𝐼=𝑅

(3.3)

where I is current (A), V is potential difference (applied bias voltage (V)) and R is the
resistance (Ω), a 50 pA current is passed through the BTZ-BCT nanofiber by
applying difference potential difference of 5 V.

3.4 Conclusions
Crystalline phase evolution and structural analysis of the high performance
piezoelectric Ba (Ti0.80Zr0.20) O3- (Ba0.70Ca0.30)TiO3 (BTZ-BCT) nanofibers were
investigated. Coexistence of two ferroelectric phases, tetragonal and rhombohedral,
and crystallization of the fibers in the vicinity of the morphotropic phase boundary
(MPB) region has been demonstrated by employing different techniques, including
XRD, Raman spectroscopy, and TEM. We report very large piezoelectricity in
Ba(Ti0.80Zr0.20)O3- (Ba0.70Ca0.30)TiO3 (BTZ-BCT) lead-free nanofibers (d33 = 180 pm
V-1). These values are the highest among all the reported piezoelectric nanofibers,
more than two times higher than for PZT nanofibers. The SSRM results show a
uniform distribution of the resistance and very high resistance of 1010 ohms in the
nanofibers. Understanding the structural and electrical properties of the BTZ-BCT
nanofibers helps to improve the performance of different devices such as
nanogenerators, sensors, or voltage tuneable micro- and acoustic-wave devices.
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Chapter 4. BTZ-BCT Thin Films

In this Chapter, the synthesis and characterization of Ba(Ti0.80Zr0.20)O3(Ba0.70Ca0.30)TiO3 (BTZ-BCT) thin films will be presented. Crystalline phase content
and topography of the films will be examined. Ferroelectric domain configuration,
and piezoelectric and ferroelectric properties of the thin films will be investigated
using different techniques, including piezoelectric force microscopy (PFM) and
polarization versus electric field hysteresis loops.

4.1 Introduction
Integration of high performance piezoelectrics in piezoelectric devices and micro/nano-electromechanical systems (MEMS, NEMS) is a viable approach to enhance
their efficiency. Low-dimensional piezoelectric and ferroelectric materials have been
exploited widely in nanogenerators, sensors, transducers, MEMS devices, and other
applications, such as microwave varactors and ferroelectric field effect transistors.[1-6]
For instance, high performance piezoelectric nanostructures can enhance the output
power of piezoelectric generators that convert the kinetic energy of vibrations,
displacements, or applied force to electricity.[7-11]

In this study, observations on the high piezoelectric response achieved in BTZ-BCT
thin films are reported, along with visualization of ferroelectric nanodomains with
high spatial resolution using PFM. The influences of lateral size, geometry, and the
clamping effect on the piezoelectric performance were also investigated for thin
films and compared with BTZ-BCT nanofibers.
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4.2 Experimental procedure
Ba(Ti0.80Zr0.20)O3- (Ba0.70Ca0.30)TiO3 thin film was fabricated using the spin-coating
technique. In order to prepare the BTZ-BCT precursor solution, barium acetate,
calcium acetate monohydrate, titanium butoxide, and zirconium (IV) propoxide were
used as starting materials. Barium acetate and calcium acetate monohydrate were
dissolved in glacial acetic acid at 80°C for 1 hour and cooled down to room
temperature. Titanium butoxide and zirconium propoxide were chelated by acetyl
acetone and added to the Ba and Ca solution. 2-methoxyethanol was used to adjust
the concentration of the BTZ-BCT precursor solution to 0.2 M. Spin-coating at 3000
rpm for 30 seconds was carried out to prepare the BTZ-BCT thin film on Si and
Si/SiO2/Ti/Ir substrates. The spin-coated thin films were dried and annealed at 100°C
and 600°C for 10 minutes, respectively, and the above procedure was repeated for 4
cycles until the films reached a thickness of about 200 nm, followed by calcination at
700°C for 1 hour in air.

Field-emission scanning electron microscopy (FE-SEM, JEOL JSM 7500FA) was
used to examine the surface morphology and microstructure of the cross-section of
the thin film with a 3.8 mm working distance under 1 kV acceleration voltage. A
Raman spectrometer (HORIBA JobinYvon, HR800 spectrometer) was employed to
study the state of crystallization and lattice vibration modes. Un-polarized spectra
were collected at room temperature using 632.8 nm light pumping from a He-Ne
laser and a charge coupled device (CCD) detector in this experiment.
Piezoresponse force microscopy (PFM, Asylum Research, MFP-3D) and scanning
capacitance microscopy (Digital Instrument, Dimension 3100) were used for our
experiments. Our PFM measurements were performed at a low frequency of 10 Hz
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and in electric field, ranging from -300 kV/cm to +300 kV/cm. The bottom electrode
was an Ir layer on Si wafer and the top electrode was a PtIr-coated Si tip with
deflection sensitivity of 73.6 nm V-1 for our experiments, respectively.

4.3 Results and discussion
4.3.1 Morphology studies using FE-SEM and AFM

(b)

(a)

(c)

Figure 4.1 (a) FE-SEM image of BTZ-BCT thin film deposited on the Si/SiO2/Ti/Ir
substrate and annealed at 700°C for 1 hour in air. Inset: magnified view of the thin film
surface. (b) FE-SEM image of cross-section of BTZ-BCT thin film about 200 nm in
thickness with an average particle size of 33 nm. (c) 3D AFM image of topography of BTZBCT thin film annealed at 700°C for 1 hour, showing 2 nm rms surface roughness.
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Field emission scanning electron microscope (FE-SEM) images from the surface and
cross-section of the BTZ-BCT thin film are displayed in Figures 4.1(a) and (b). The
image of the 200 nm thick BTZ-BCT film in Figure 4.1(b) reveals randomly oriented
particles. The images were collected at 3.8 mm working distance under 1 kV
acceleration voltage.
A typical three-dimensional (3D) atomic force microscope (AFM) image of a 400 ×
400 nm2 surface area of a BTZ-BCT thin film spin-coated on Si/SiO2/Ti/Ir substrate
and heat-treated at 700°C for 1 hour is shown in Figure 4.1(c).
The films have a smooth surface with a surface root mean square (rms) roughness
equal to 2.1 nm, with an average particle size of 33 nm.

4.3.2

Phase content investigation using XRD and Raman spectroscopy

The X-ray diffraction pattern of the thin film annealed at 700°C is presented in
Figure 4.2(a). The Bragg reflections demonstrate no preferred directional growth in
the film, which is similar to the case of the BTZ-BCT nanofibers that were annealed
under the same conditions using the same precursor solution.
Local atomic environments in the BTZ-BCT films were examined by Raman
spectroscopy at room temperature. A typical spectrum is displayed in Figure 4.2(b).
All features characteristic of the perovskite structure of bulk BaTiO3 were verified in
the Raman spectra of the thin film and are in good agreement with the results for the
other BTZ-BCT counterparts, which were analyzed in previous chapters in detail
13]

.
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[12,

(a)

(b)

Figure 4.2 (a) X-ray diffraction pattern of the BTZ-BCT thin film annealed at 700°C on the
Si substrate. (b) Raman spectrum of BTZ-BCT 200 nm thick BTZ-BCT film spin-coated on
Si/SiO2/Ti/Ir substrate annealed at 700°C for 1 hour in air. The spectrum of the substrate
alone is included for reference. All features are characteristic of the polar structure of
BaTiO3 and indicate successful evolution of the perovskite structure in all samples. The
existence of a peak at 164 cm-1 [A1(TO)] is only observed in the rhombohedral symmetry,
while the other peaks, which appear in both tetragonal and rhombohedral symmetries,
indicate the crystallization in morphotropic phase boundary (MPB) region.

The transverse optical mode [A1(TO)] located at 164 cm-1 is recorded in higher
intensity compared to the nanofibers. This peak has been observed only in the
rhombohedral phase of nanocrystalline barium titanate

[14]

, while the other

vibrational modes exist in both tetragonal and rhombohedral phases. The coexistence
of these two ferroelectric phases in the Raman spectra confirms the crystallization of
the BTZ-BCT thin films in the MPB region.

4.3.3

Piezoelectric and ferroelectric properties investigation by PFM

Figure 4.3(a) and (b) presents 3D- PFM patterns of the surface of a 200 nm thick
BTZ-BCT film. Simultaneous recording of 3D profiles of the PFM phase and
amplitude signals enables a visualization of ferroelectric domains. These 3D images
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were acquired using a lock-in amplification technique with a PtIr-coated silicon
cantilever in contact mode, which was ac-biased with a voltage of 1.0 V.

(a)

(c)

(b)

Figure 4.3 3D PFM phase (a) and amplitude (b) images of the surface of 200 nm thick BTZBCT film. Ferroelectric domain patterns in the phase image (a) display the opposite polarity
of ferroelectric domains 20 to 40 nm in size. These domains are revealed by 180° phase
difference contrast. The amplitude image (b) reproduces the domain shape. Sharp contrast
around domains visualizes domain boundaries. In (c), phase and amplitude profiles recorded
along the marked lines in (a) and (b) are overlaid on an AFM topographical image. All three
images were collected simultaneously under 1.0 V ac modulation voltage.

Ferroelectric domains have a lateral size of 20 to 40 nm. 180° PFM phase contrast in
Figure 4.3(a) distinctly shows that ferroelectric domains have antiparallel out-ofplane polarization. The PFM amplitude pattern in Figure 4.3(b) reproduces the shape
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of the domains. In Figure 4.3(c), phase and amplitude cross-sectional profiles
recorded along the marked line are overlaid on the topographical image taken from

Figure 4.4 (a) Local PFM phase hysteresis loops and (b) piezoelectric butterfly loops of the
BTZ-BCT thin film obtained by switching the bias voltage from -5 to +5 volts (±300 kV cm1

electric field). 180° domain switching in the phase hysteresis loop shows the switching

phenomenon of spontaneous electrical dipoles built up in the BTZ-BCT thin film. (c) d33
hysteresis loop calculated by using the converse piezoelectric equation, Δz = d33V, which
indicates the piezoelectric coefficient d33 = 141 pmV-1 in the BTZ-BCT thin film. (d)
Schematic illustration of lateral size and contact area in the thin film and nanofiber.

Figure 4.1(c). Sharp 180° PFM phase contrast occurs when the conducting cantilever
crosses narrow domain boundaries.
PFM was employed to quantify the piezoelectric coefficient in the BTZ-BCT films
under the same operational parameters used for the nanofibers. Figure 4.4(a) and (b)
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demonstrates the ferroelectric domain switching and displacement of the thin film
respectively developed via the inverse piezoelectric effect. It should be noted that the
PFM signals were calibrated using a force-distance curve before each measurement.
The calculated piezoelectric coefficient in the BTZ-BCT thin films (Figure 4.4(c))
shows smaller value compare to the nanofibers. We explain this by the much smaller
lateral size of the fiber-substrate interface and the fiber-to-substrate contact area, as
shown in Figure 4.4(d). Reduction of the residual ferroelectric-substrate interface
strain increases the piezoelectric response in the nanofibers.

Table 4.1 Comparison of the piezoelectric coefficient d33 in some Pb-based and Pbfree piezoelectric thin films.
d33

Materials

Orientation

BTZ-BCT

Random

141

BaTiO3

(100)

30

[15]

BaTiO3

Single crystal

80-100

[16]

Pb0.76Ca0.24TiO3

Random

70

[17]

Bi0.83Sm0.17FeO3

(002)

110

[18]

BiFeO3

(001)

70

[19]

0.34BiScO3-0.66PbTiO3

(001)

130

[20]

Random

50

[21]

(001)

53

[22]

(100)

100

(111)

63

Random

77

0.948(K0.5Na0.5)NbO3–0.052LiSbO3
(K0.44,Na0.52,Li0.04)(Nb0.84,Ta0.1,Sb0.06)O3
Pb(Zr0.6Ti0.4)O3
0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3

(pm V-1)

Ref.
Current
study

[23]

79

0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3

(111)

Pb(Zr0.6Ti0.4)O3

64

[24]

85

(K0.5Na0.5)NbO3 with 20 mol% extra K and Na.

81

Random

40

[25]

Similar to the BTZ-BCT nanofibers, the observed piezoelectric coefficients in our
thin film is exceeding those of lead zirconate titanate (PZT). Table 4.1 compares the
piezoelectric coefficient d33 for lead-containing and lead-free piezoelectric thin films
with textured and random crystal structures. According to Table 4.1, d33 in BTZ-BCT
thin films exhibits more than 100% enhancement compared to the PZT thin films
with a random orientation structure [25].
Since the same precursor solution as for the nanofibers was used for the thin films,
and the same crystal structure and phase content were developed as for the
nanofibers, crystallization in the vicinity of the MPB suppresses the free energy
barrier against the polarization rotation from rhombohedral to tetragonal and vice
versa. Reducing the energy barrier and eliminating the polarization anisotropy
enhanced the piezoelectric performance in the BTZ-BCT constrained structures,
including the thin films.

Table 4.2 Calculated effective stress induced by electric field in the thin −film
substrate interface.
EcA

𝑑33,𝑓

σeffective

Geometry

Maximum𝑑33,𝑓
(pm V )

(kV cm )

(pm V )

( MPa)

Thin film

141

45

122

302.7

a

-1

-1

-1 a

d33 measured in coercive field

Suppression of the piezoelectric coefficient in the thin films compared to the BTZBCT ceramics occurs because of the same reason as for the other constrained
structures such as nanofibers, as discussed in Chapter 3. We assume the clamped thin
films as the two-dimensional objects. Without applying stress on their free surfaces,
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T3=0 for the the thin films, therefore T1=T2=T. The T represents the effective stress.
The equation (4.1) gives the effective piezoelectric coefficient 𝑑33,𝑓 for the one-

dimensional objects.

𝑆3

𝐸3

= 𝑑33,𝑓 = 𝑑33 +

𝐸 σ
2𝑆13
effective

(4.1)

𝐸3

The calculated effective stress (σeffective) in the thin film ─ substrate interface is listed
in Table 4.2.

Figure 4.5 Polarization versus electric field (P-E) loop obtained at 1 kHz of the BTZ-BCT
thin film with about 200 nm thickness deposited on the Si/SiO2/Ti/Ir substrate.

The polarization versus electric field loop is displayed in Figure 4.5. The
ferroelectric hysteresis loop was recorded at 1 kHz. The ferroelectric domain
switching was saturated under an average electric field of Ec = 45.8 kV cm-1 and
achieved maximum polarization Ps = 6.9 µC cm-1, and remanent polarization Pr = 2.4
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µC cm-1 in the BTZ-BCT thin film with about 200nm thickness deposited on the
Si/SiO2/Ti/Ir substrate.

4.4 Conclusions
In conclusion, we report very large piezoelectricity in Ba(Ti0.80Zr0.20)O3(Ba0.70Ca0.30)TiO3 (BTZ-BCT) lead-free thin films with piezoelectric coefficient d33
= 141 pm V-1 . This value is the highest among all the reported piezoelectric thin
films, about two times higher than for PZT films with randomly oriented structure.
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Chapter 5. Biocompatible Piezoelectric Nanofibers
In this chapter, piezoelectric properties and ferroelectric nano-domains developed in
the NKN nanofibers are investigated.
Biocompatible and piezoelectric (Na,K)NbO3 (NKN) nanofibers are synthesized by
sol-gel assisted electrospinning technique. X-ray diffraction pattern of the nanofibers
reveals a pure and single phase of polar structure after annealing at 700°C.
Transmission electron microscope images and electron diffraction pattern show the
growth of NKN single crystals in the form of nanofibers. The ferroelectric domain
switching and piezoelectric response of the nanofibers are investigated using
piezoelectric force microscopy (PFM) technique. A significantly higher piezoelectric
response is achieved in NKN nanofibers compare to its thin films. Owing
permanently charged regions in the NKN nanofibers known as ferroelectric domains
and generating the electrical signals via piezoelectric effect in them provide a new
opportunity for construction of a smart biocompatible scaffold which can be used for
repair, engineering and regeneration of damaged tissues.

5.1 Introduction
Electrically active materials have been approved to accelerate tissue growth and
improve the adaptation of the surrounding tissue of an implant or damaged tissues [14]

. Surface charges could be generated either in ionic biomaterials (e.g.

hydroxyapatite (HA)) due to the cation and anion separation in opposite orientations
under an electric field or as a result of piezoelectricity in piezoelectric materials such
as quartz that surface charges are created on the crystal surfaces under appropriate
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mechanical stress. Possessing permanently charged regions in ferroelectric materials
(a subgroup of the piezoelectrics) known as ferroelectric domains and generating the
electrical signals via piezoelectric effect, have attracted intensive interest to exploit
them in biological applications

[3, 5]

. Electrical signals generated on the surface of

these materials stimulate nerves resulted in an enhanced blood flow in tissues[1]. In
terms of bone in growth, surface charges created on the implant surface, enhance the
protein adsorption onto the implant surface which leads to improve the
osteoconduction on the implant surfaces compare to neutral surfaces[6]. Beloti et al
demonstrated that the attachment of the human osteoblatic cells to the implants was
noticeably promoted in piezoelectric implants consists of P(VDF-TrFE)/BaTiO3
composite compare to the non-piezoelectric compounds
can imitate the bone reaction

[7, 8]

[3]

. Piezoelectric materials

when a force is applied and produce electrical

charges. There have been several reports that confirm piezoelectric phenomenon
improves the bone tissue growth and biological response [9-11].
Hydroxapatite Ca10(PO4)6(OH)2 has a composition similar to the natural bone (
Calcium phosphate) and excellent biocompatibility, however lack of permanent
charged regions and naturally neutral surfaces states further demand for new
compositions and structures[12]. There have been several efforts to merge
piezoelectricity with biocompatibility in composite and complex structures such as
HA- BaTiO3, polyvinylideneflouride (PVDF) - HA and PVDF-(Pb(Zr0.53Ti0.47)O3) [5,
13, 14]

. In most cases addition of piezoelectric materials to the bioceramics only

increased the dielectric constant and did not show an improvement in the
piezoelectric performance due to the non-continues structure in piezoelectric segment
or limited their application due to the toxicity of additional part.
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Nilsson et al Patented piezoelectric (Na, K) NbO3 ceramics (NKN) as a
biocompatible piezoelectric material for medical implants

[15]

. According to

toxicology examination, NKN mentioned excellent biocompatibility and acceptable
durability in form of ceramics and thin films. This invention inspired us to design
and fabricate a 3D structure constructed with NKN nanofibers which can be
employed as a scaffold for stimulation and encouraging the tissue growth.
In this paper, piezoelectric properties and ferroelectric nano-domains developed in
the NKN nanofibers are investigated.

5.2 Experimental procedure
(Na, K)NbO3 precursor solution was prepared via sol-gel method. Potassium acetate
and sodium acetate were mixed in 2-methoxyethanol at room temperature and stirred
for 1 hour followed by adding a niobium ethoxide solution dissolved in acetyl
acetone. Polyvinylpyrrolidone (PVP, 0.035 g ml-1) as a binder was added to the NKN
sol to prepare the solution for electrospinning. The solution was transferred to a
plastic syringe with a metallic needle. Electrospinning was carried at 1.8 kVcm-1
electric field strength between the metallic needle and aluminium foil collector
located 8cm below the needle. A non-woven and bead-free nanofibers mat was
collected from the surface of the collector after drying at 100 °C in nitrogen
atmosphere for 12 hours followed by annealing at 600, 700 and 800°C for 1 hour in
air. Heating/cooling rate was 5 °C min-1.
Crystal structure evolution of the nanofibers calcined at different temperatures was
studied by X-ray diffraction (GBC MMA powder diffractometer, CuKα radiation, 40
kV, 25 mA). Raman spectra were collected (HORIBA jobin yvon, HR800
spectrometer) at room temperature in air by pumping samples with 632.8 nm He-Ne
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laser light. Field emission scanning electron microscope (FE-SEM, JEOL JSM
7500FA) was used to collect images of nanofibers. Transmission electron
microscopy (TEM) was performed using a JEOL 2011 200 KeV analytical
instrument. Samples were prepared by dispersion onto “Quantifoil” holey carbon
support film with examination of sample regions located over holes in the support
film.
Piezoresponse

force

microscopy (PFM,

Asylum

Research,

MFP-3D)

for

piezoelectric properties measurements was used. A PtIr-coated Si tip for the PFM
was employed. Bottom electrode is Ir layer on Si wafer and the top electrode is the
conducting tip.

5.3 Results and discussions
5.3.1 Morphology and Crystalline phase evolution

Figure 5. 1 FE-SEM images of (Na,K)NbO3 nanofibers mat (a) annealed at 600 °C,
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(b) 700 °C and (c) 800 °C in air. (d) Thermogravimetric analysis of NKN nanofibers
from room temperature up to 800 °C in air. 62 wt% of the NKN precursor evaporates
or burns out during the annealing process at different stages.
Field-emission scanning electron microscopy images of the NKN nanofibers
annealed at different temperatures ranging from 600°C to 800 °C for 1 hour in air are
displayed in Figures 5.1(a) to (c). It can be observed that crystallization of the
nanofibers results in a significant shrinkage in the nanofibers.
The average diameter of nanofibers is about 250 nm for the sample annealed at 700
°C and reduced to about 200 nm by annealing at 800 °C with tens of microns in
length. It is approved that the mass transport along grain boundaries to the neck
between adjacent grains develops corresponding shrinkage at the sintering procedure
[16, 17]

. Thermogravimetric analysis (TGA) of the NKN nanofibers (Figure 5.1(d))

demonstrates a 62 wt% weight loss in the as-spun nanofibers during the heat
treatment from room temperature up to 800°C in air.

Figure 5.2 Energy dispersive x-ray spectroscopy (EDS) spectrum of the NKN
nanofibers annealed at 800°C. Inset: quantitative analysis of the EDS that approves
91

the existence of the constructive elements in the (Na, K) NbO3 nanofibers which
follow the stoichiometric ratios with reasonable accuracy.

The volatile organic compounds such as solvents in the NKN precursor nanofibers
evaporate and develop a 8 wt% weight loss when temperature is raised up to 150°C
and 15 wt% weight loss from 150 to 250°C can be due to the degradation of the PVP
in air. A drastic mass reduction at 300°C is attributed to the burning out of the binder
and other residual organic compounds which continues up to 600°C. In order to keep
the shape of nanofibers during the annealing, a heating regime of 5°C min-1 is under
taken.

Figure 5.3 XRD patterns of the (Na, K) NbO3 nanofibers annealed at 700 and 800°C
reveal the crystallization of the nanofibers in a monoclinic structure. All peaks are
indexed according to the PDF-card number 77-0038 corresponds to the (Na0.35K0.65)
NbO3.
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Energy dispersive x-ray spectroscopy (EDS) spectrum of the NKN nanofibers
annealed at 800°C is displayed in Figure 5.2. Inset table demonstrates the
quantitative analysis of the EDS that approves the existence of the constructive
elements in the (Na, K) NbO3 nanofibers which follow the stoichiometric ratios with
reasonable accuracy.
Crystalline structure and phase evolution were examined by X-ray diffractometery
on the nanofibers annealed at different temperatures at 700°C and 800°C (Figures
5.3(a) and (b)). After annealing nanofibers at 700 °C and 800 °C, the existence of
NKN perovskite crystallization becomes evident in the XRD patterns. Bragg
reflections in Figure 3 are indexed according to the
PDF-card number 77-0038 for monoclinic (Na0.35K0.65) NbO3 and No detectable
impurity phases were observed.

Figure 5.4 Experimental Raman spectrum of the NKN-nanofibers annealed at 800
°C for 1 hour in air.
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Unpolarized backscattered Raman spectra of NKN nanofibers were recorded at room
temperature (Figure 5.4). According to Kakimoto

[18]

, Raman scatterings in a wide

range from 200 to 900 cm-1 are attributed to internal vibrations of NbO6 octahedral in
NKN: 1A1g(ν1), 1Eg(ν2), 1F1u(ν3) stretching and 1F1u(ν4), F2g(ν5) bending modes.
Stretching vibration of the O―Nb―O bonds generate strong peaks at 562 and 616
cm-1. The bands located at 270 and438 cm-1 wave numbers are attributed to the
bending vibration of the O―Nb―O bonds and Raman signals at higher frequencies
including 804 and 860 cm-1 are assigned to the fundamental vibration modes ν1 and
ν2 generated by Nb=O short bonds in the NbO6 octahedral [19-21] .
5.3.2 Nanostructure studies by TEM

The TEM image displayed in Figure 5.5 (a) represents a NKN nanofiber constructed
by nano-single crystals grown in different lengths and similar lateral size of about
200nm. The selected area electron diffraction (SAED) pattern collected from the
same fiber (shown in the inset) reveals the single crystal structure for each segment.
Enlarged interface between two single crystals is mentioned in Figure 5.5 (b).
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Figure 5.5 TEM results obtained from sample heat treated at 800° C; (a) low
magnification image of a nanofiber containing single crystals. (b) Selected area
electron diffraction pattern which reveals the single crystal. (c) High resolution TEM
image of the NKN nanofiber. (d) Schematic of a monoclinic structure.

5.3.4 Piezoelectric and ferroelectric properties
These 3D PFM images were acquired using a lock-in amplification technique with a
PtIr-coated silicon cantilever in contact mode, which was ac-biased with a voltage of
1.2 V. Figures 5.6(a) and (b) presents 3D PFM image of the surface of a NKN
nanofiber annealed on a conductive substrate Si/SiO2/Ti/Ir. The PFM phase and
amplitude signals recorded simultaneously with the topography image yield
ferroelectric domain configuration and piezoelectric response of the nanofiber.
The ferroelectric domains manifest themselves as permanent charged regions which
in Figure 5.6(b) they are configured in form of anti-parallel out-of plane polarizations
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with 180° phase difference. The PFM amplitude pattern in figure 5.6(c) represents
the displacement of the NKN nanofiber located below the tip as a result of the
inverse piezoelectric phenomenon.
The PFM images confirm the existence of surface charges developed by the
ferroelectric domains ability of the surface charge creation via direct piezoelectric
effect which electric charge is generated by applying force or deformation on the
NKN nanofibers. It is approved that being electrically active stimulates the tissue
growth and improves the osteoconduction

[1, 2, 5, 6, 22-25]

. Several mechanisms have

been proposed to describe how surface charges affect the tissue growth such as
enhancement of the surface wettability [22], protein adsorption since it is
negatively charged

[26]

, improving the ion exchanges

[27]

and stimulating the nerve

regeneration [1].
Nakamura et al proposed a mechanism that negative and positive surface charges
promote the colony formation of the essential elements for the tissue growth and
osteoconduction (Figure 5.6.(d))

[6]

. Fibrin is an essential constructive of the blood

and evolves ―COOH groups are attracted by the positive surface charges and
negative charged regions attract Ca2+. This mechanism was approved in other reports
published later on [24, 28].
Figure 5.7 displays the ferroelectric domain switching and piezoelectric behavior in
the NKN nanofibers. A bias voltage, ranging from -5 V to +5 V, was employed. The
PFM phase hysteresis loops in Figure 7 (a) show the switching of the ferroelectric
domains below the tip and 180° rotation of the electrical polarization of domains in
the NKN nanofiber. The switching ability of the ferroelectric domains in the NKN
nanofiber lets us to create a favorite surface charge arrangement either positive or
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negative and employ engineered surfaces with different electrical activates
compatible to their biologic environment.
Figure 5.7(b) displays the deformation of the fiber under electric field developed
between a conductive tip ( Si tip coated by the PtIr conducting coating) and substrate
( Silicon wafer coated by Ir) which occurs as a result of the inverse piezoelectric
effect and existence of the ferroelectric domains in the NKN nanofibers.
The piezoelectric coefficient was calculated using to the definition of the inverse
piezoelectric effect, Δz = d33V

[29]

and plotted in Figure 5.7(c) at the same range of

the applied voltage used for the displacement vs. voltage in Figure 5.7(b). The PFM
signal was calibrated by using the force-distance curve for the cantilever used for the
measurements.
The average of the piezoelectric coefficient d33 reached as high 58 pmV-1 in the NKN
nanofiber. This value was obtained from the slope of the linear part of the Δz vs.
voltage curve at very low voltage. The piezoelectric coefficient obtained in the NKN
nanofibers demonstrates stronger response compare to the NKN thin films (d33=40
pm V-1) reported by Ahn et al [30].
Enhancement of the piezoelectric response in the nanofibers can be attributed to the
effect of geometry and suppressing of the clamping effect induced by the contact
area between the sample and substrate. It is evident that the attachment of the human
osteoblatic cells to the implants was noticeably promoted in piezoelectric implants
consists of P(VDF-TrFE)/BaTiO3 composite compare to the non-piezoelectric
compounds [3]. Piezoelectric materials can imitate the bone reaction [7, 8] when a force
is applied and produce electrical charges on their surfaces. The electric signals
generated by the piezoelectric phenomenon can stimulate the surrounded

97

Figure 5.6 3D-PFM (a) topography, (b) phase and (c) amplitude images of the NKN
nanofiber. Ferroelectric domain pattern in the phase image (b) displays the opposite
polarity of ferroelectric domains. These domains are revealed by 180° phase
difference contrast. The amplitude image (c) represents the piezoelectric response of
the NKN nanofiber generated by the movement of the nanofiber under alternate
electric field developed between the tip and conducting substrate. The PFM-phase
and amplitude images are overlaid on the topography image and collected
simultaneously under 1.2 V ac modulation voltage. (d) Displays the interaction of
ferroelectric domains with essential elements for the tissue growth and
osteoconduction including fibrins and calcium ions respectively.

nerves and enhances the blood flow[1]. There have been several reports that confirm
piezoelectric phenomenon improves the bone tissue growth and biological response
[9-11]
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Figure 5.7 (a) Local PFM phase hysteresis loop and (b) piezoelectric butterfly loop
of the NKN nanofiber obtained by switching the bias voltage from -5 to +5 volts at
25 Hz. 180° domain switching in the phase hysteresis loop shows the switching
phenomenon of spontaneous electrical dipoles built up in the NKN nanofiber. (c) d33
hysteresis loop calculated by using the converse piezoelectric equation, Δz = d33V,
indicates a significant enhancement of d33 = 58 pmV-1 in the NKN nanofiber. (d) 3D
topographical image of the NKN nanofiber with 200 nm width and 100 nm height,
used in PFM measurements.

5.4 Conclusions
Biocompatible piezoelectric scaffold constructed by the NKN nanofibers is
fabricated via sol-gel assisted electrospinning technique. The high piezoelectric
response d33=58 pm V-1 and ferroelectric domains developed in the NKN nanofiber
during its crystallization above 700°C are demonstrated using PFM technique.
Ferroelectric domains which manifest themselves as the permanently charged regions
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and switchable provide an opportunity to create an engineered charged surface with
favorite polarity. Electrical signals generated by the piezoelectric phenomenon in the
NKN nanofibers emerge them as the biocompatible electrically active materials
which can improve the osteoconduction, tissue growth, healing and regeneration of
the damaged biological organs.
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CONCLUSIONS

In this thesis, two lead-free piezoelectric and ferroelectric compounds, (1-x)Ba
(Ti0.80Zr0.20) O3-x (Ba0.70Ca0.30) TiO3 ((1-x)BTZ-xBCT) in various forms and (Na, K)
NbO3 (NKN) nanofibers were investigated.
In Chapter 2, (1-x)BTZ-xBCT ceramics were synthesized using the conventional
solid state reaction at 1450°C in air. Crystal structure and vibration modes were
studied using X-ray diffraction (XRD) and Raman spectroscopy, respectively. The
XRD patterns were refined by employing the Rietveld method. The refinement
results revealed that Ca+2 and Ba+2 substitutions in the BTZ reduced the unit cell
volume and led to a red shift in Raman peaks located at frequencies below 300 cm-1
and a blue shift in peaks appearing at higher frequencies. Ferroelectric properties
measurements indicated that increasing the Ca+2 and Ba+2 ions in the BZT enhanced
the maximum polarization (Ps) and remanent polarization (Pr) in the ceramics due to
the unit cell volume reduction.
In Chapter 3, BTZ-BCT nanofibers 150-250 nm in diameter and several microns
long were fabricated via the sol-gel assisted electrospinning technique at the low
temperature of 700°C. XRD patterns, Raman spectra, and transmission electron
microscope (TEM) examination results demonstrated the coexistence of two polar
structures, both tetragonal and rhombohedral, in the annealed nanofibers.
Observation of two ferroelectric phases revealed the crystallization of the fibers in
the vicinity of the morphotropic phase boundary (MPB) region. Different scanning
probe microscopy (SPM) techniques, including piezoresponse force microscopy
(PFM), scanning capacitance microscopy (SCM), and scanning spreading resistance
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microscopy (SSRM), were employed to study the piezoelectric, ferroelectric, and
electrical properties of the nanofibers.
The piezoelectric coefficient and ferroelectric domain switching behaviour of the
BTZ-BCT nanofibers were investigated by PFM. 180° domain switching in the phase
hysteresis loops demonstrated the switching of spontaneous electrical dipoles built
up in the BTZ-BCT nanofibers. The d33 hysteresis loop calculated by using the
converse piezoelectric equation, Δz = d33V, indicated that the piezoelectric
coefficient d33 = 180 pmV-1 in the BTZ-BCT nanofibers. The large piezoelectric
constant achieved in the BTZ-BCT nanofibers exceeded the piezoelectric
performance of Pb (Zr, Ti) O3 (PZT) nanofibers and those of other lead-free
piezoelectric nanofibers. SCM examination showed the configuration of the
antiparallel ferroelectric domains in the nanofibers. The SSRM results revealed a
uniform resistance distribution in the BTZ-BCT nanofibers with a high value of 1010
ohms. For this composition, the polarization anisotropy vanishes, leading to a strong
dependence of the electrical polarization on elastic deformation, thus significantly
increasing the piezoelectricity.
In Chapter 4, BTZ-BCT thin films with a thickness of about 200 nm were deposited
by the spin-coating method and annealed at 700°C on Si and Si/SiO2/Ti/Ir substrates.
The crystal structure and Raman spectra of the thin films contained all the features
characteristic of the MPB region, similar to the BTZ-BCT nanofibers. Surface
topography analysis revealed a very smooth surface with 2 nm rms surface
roughness. In the ferroelectric domain patterns recorded by the PFM, the opposite
polarity of ferroelectric domains 20 to 40 nm in size was revealed by 180° phase
difference contrast. The piezoelectric coefficient d33 = 141 pmV-1 in the BTZ-BCT
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thin film was comparable with those of PZT thin films and other lead-free
piezoelectric thin films.
The calculated piezoelectric coefficient in the BTZ-BCT thin films had a smaller
value compare to the nanofibers. This is attributed to suppression of the residual
ferroelectric-substrate interface strain due to the much smaller lateral size of the
fiber-substrate interface and the fiber-to-substrate contact area.
In Chapter 5, biocompatible and piezoelectric (Na, K) NbO3 (NKN) nanofibers
synthesized by the sol-gel assisted electrospinning technique were explored. The
XRD pattern and Raman spectrum of the nanofibers revealed a pure single phase
with polar structure after annealing at 700°C. Transmission electron microscope
images and electron diffraction patterns showed cube-on-cube growth of NKN single
crystals in the form of nanofibers. The ferroelectric domain switching and
piezoelectric response of the nanofibers were investigated using PFM. A higher
piezoelectric response was achieved in NKN nanofibers (d33 = 58 pm V-1) than in its
thin films (d33 = 40 pm V-1). Owing to the existence of permanently charged regions
in the NKN nanofibers known as ferroelectric domains, electrical signals can be
generated in them via the piezoelectric effect to provide a new opportunity for
construction of a smart biocompatible scaffold that can be used for repair,
engineering, and regeneration of damaged tissues.
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RECOMMENDATIONS

It has been demonstrated that low-dimensional Ba (Ti0.80Zr0.20) O3- (Ba0.70Ca0.30)
TiO3 (BZT-0.5BCT) structures can be employed in applications such as energy
harvesting

systems,

microelectromechanical

systems

(MEMS),

and

nanoelectromechanical systems (NEMS) due to their high piezoelectric performance.
The BTZ-BCT nanofibers and thin films can be utilized as replacements for their
PZT counterparts in some applications and resolve the health risks due to the toxicity
of the Pb-containing piezoelectric materials.
It is suggested that, In order to increase the efficiency and output of a piezoelectric
generator, a fibrous geometry could be used rather than the usual film shape
(rectangular cross section) to reduce the effective stress developed in the
piezoelectric material-substrate interface. Fabrication of piezoelectric energy
harvesting systems and sensors employing lead-free piezoelectric BTZ-BCT
nanofibers can be considered as a future plan in continuation of the study presented
in this thesis.
Moreover, exploring the effect of the biocompatible piezoelectric NKN nanofibers
on tissue growth and healing rates of damaged tissues can be considered as the next
step. The growing of live cells on scaffolds composed of NKN nanofibers could be
of interest to scientists working on multidisciplinary research projects.
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